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Abstract
Generation and Optimisation of Picosecond Optical Pulses for use in 
Broadband Communication Systems.
Marc Rensing
The continued growth o f the internet driven by the demand for media rich content and 
escalating IP traffic has been fuelling the massive growth in demand for bandwidth to handle 
very high data rates. In order to meet this demand for capacity, optical multiplexing 
techniques such as wavelength division multiplexing (WDM), optical time division 
multiplexing (OTDM) and hybrid WDM/OTDM systems need to be utilised.
The development of a source of wavelength tunable picosecond optical pulses with excellent 
temporal and spectral purity at high repetition rates is extremely important for use in such 
high-speed optical communication systems. The technique of gain switching a commercially 
available laser diode and self seeding it is shown to be one of the simplest and most cost 
effective methods of generating transform limited, wavelength tunable pulses with a high 
Side Mode Suppression Ratio (SMSR).
This thesis examines the use of optical gain-switching for the generation of optical pulses 
that may be used in high-speed OTDM and WDM/OTDM systems. This work specifically 
deals with the investigation and characterisation of the SMSR and non-linear chirp of optical 
pulses generated using the gain-switching technique, and outlines how these characteristics, 
that may degrade system performance, can be optimised such as that optimum performance 
is attained. In particular, the work demonstrates the development of an optical pulse source 
with duration < 4ps, SMSR > 30 dB, jitter < 800 fs, and extinction ratio > 30 dB, that would 
be suitable for use in OTDM systems operating at 80 Gbit/s.
I
X
Introduction
With the growing demand for bandwidth, driven by the massive increase in internet usage 
and other broadband services, showing no signs of abating, it will be necessary to develop 
optical technologies that can handle extremely high data rates. This increase in demand for 
bandwidth and the speed limitations of electronic components has led to the introduction of 
various optical multiplexing techniques such as wavelength division multiplexing (WDM) 
and optical time division multiplexing (OTDM). A key component to enable high-speed 
optical transmission systems is a source of ultra short optical pulses which are spectrally and 
temporally pure. This thesis focuses on the generation of such optical pulses and their 
usefulness in high-speed optical communication systems. The technique of gain switching is 
given prominence as it is one o f the simplest, most reliable and cost effective methods 
available to generate ultra short optical pulses. Experimental results obtained demonstrate 
that through self seeding and external injection, an improvement in the impairments 
associated with this technique can be achieved.
One of the important parameters o f self seeded gain switched (SSGS) pulses is the side mode 
suppression ratio (SMSR). This work examines the importance of achieving a high SMSR 
when generating pulses using the SSGS technique especially when optical filtration is used. 
Experiments carried out on pulses that exhibit a poor SMSR which are then filtered, reveal 
that they posses a large amplitude jitter. This noise will degrade the signal-to-noise ratio 
(SNR) regardless of the output SMSR being maintained at a high level, and may render such 
pulses unsuitable for data transmission in high-speed optical networks.
In addition to the SMSR characterisation, this work also examines a novel compensation 
technique used to counteract the linear and non-linear chirp presented by gain switched 
pulses. This large frequency chirp is induced on a gain switched pulse due to the direct 
modulation of the laser diode and can degrade the performance of optical communication 
systems employing these pulses. Various compression techniques used to compress the gain 
switched pulse, typically result in the creation of temporal pedestals on either side of the 
pulse which ultimately renders such pulses unsuitable for use in practical high-speed optical 
communication systems. We demonstrate the generation of transform limited short optical 
pulses which display excellent spectral and temporal purity by employing a novel technique 
that combines an externally injected gain switched laser with a non-linearly chirped fiber 
Bragg grating (NC FBG). We also fabricated a linearly chirped fiber Bragg grating (LC
FBG) and compared pulses compressed with the linear grating to those compressed with the 
non-linear grating.
This thesis is divided into 5 chapters with the following layout:
Chapter 1 : A brief introduction into the origin of optical communications is given along with 
the advantages of utilising optical fibers. A basic fiber optic communication system is 
described as well as the methods used for measuring the system performance.
Chapter 2: This chapter describes the basic operation o f two of the most common optical 
multiplexing techniques, namely wavelength division multiplexing (WDM) and optical time 
division multiplexing (OTDM). Major enabling technologies and limiting factors are 
discussed regarding both types of networks. Hybrid WDM/OTDM networks that combine 
the merits of both technologies are also considered.
Chapter 3 : Here we describe the various methods of generating short optical pulses for use in 
high-speed optical networks. Particular attention is given to the technique of gain switching 
and experimental results are presented for pulses generated using this method. Pulses 
generated via gain switching exhibit a large frequency chip, degraded side mode suppression 
ratio (SMSR), and large timing jitter. It is shown that by utilising self seeding and external 
injection, these impairments may be partially overcome.
Chapter 4: In this chapter we present a detailed investigation into the effects of SMSR on the 
performance of SSGS pulses in optical communication systems. Pulses portraying various 
SMSRs are optically filtered and the interaction of mode partition noise (MPN) is 
investigated. We also demonstrate the compression o f a gain switched pulse and the 
compensation o f the linear and non-linear chirp across the centre and wings o f the pulse 
respectively, resulting in the generation o f ultra short optical pulses that are suitable for use 
in a high-speed 80 Gb/s OTDM communication system.
Chapter 5: Finally we present the conclusions of this work.
1. Basic Optical Networks
1.1 H istorical Developm ent
Since ancient times there has always been an interest in developing communications systems 
to send messages from one point to another. Many forms of communications systems have 
been developed over the years with each system trying to improve on the previous one in 
terms of enhancing the transmission reliability, increasing the data rate or increasing the 
transmission distance between relay stations. Up until the nineteenth century all 
communication systems had a very low data rate and employed optical or acoustical methods 
such as signal lamps or horns. One of the earliest known optical systems was the use of 
signal fires used by the Greeks in the eighth century BC to communicate specific messages 
such as alarm calls or declare specific events. However, the meaning of the signal had to be 
prearranged between the sender and the receiver and it was not until about six hundred years 
later that the signals were encoded in relation to the alphabet allowing any message to be 
sent. This technology was limited to line of sight (LOS) transmission and detrimental 
changes in the weather made the transmission path unreliable. The invention of the telegraph 
by Samuel Morse in 1838 lead the way for a new period in communications using electrical 
technology. The first commercial telegraph service using wire cables was implemented in 
1844 and the use of wire cables for information transmission expanded when the first 
telephone exchange was setup in New Haven, Connecticut in 1878. Wire cable was the only 
medium for electrical communication until Heinrich Hertz discovered long wavelength 
electromagnetic radiation in 1887 and the first implementation of this was the radio 
demonstration by Guglielmo Marconi in 1895 [1],
1.2. Inform ation C arrying Capacity
In the years that followed, more and more portions of the electromagnetic (EM) spectrum 
were used to convey information from one point to another. The reason for this is that in 
electrical systems, data is usually transferred over the communication channel by 
superimposing the information signal onto a sinusoidally varying EM wave known as a 
carrier wave. As the frequency range over which the carrier wave operates determines the 
amount of information that can be transmitted, increasing the carrier frequency increases the 
available transmission bandwidth and as a result provides a larger information capacity. This 
is known as the Shannon-Hartley theorem, from information theory. As a result of this 
theorem, the trend was to employ progressively higher frequencies (shorter wavelength)
which offered corresponding increases in bandwidth and therefore increased information 
capacity. As a rule of thumb, bandwidth is approximately 10% of the carrier frequency so if 
a microwave channel uses a 10 GHz carrier signal, then its bandwidth is about 100 MHz. A 
copper wire can carry a signal up to 1 MHz over a short distance, a coaxial cable can 
propagate a signal up to 100 MHz while radio frequencies are in the range of 500 KHz to 
100 MHz. Microwaves, which include satellite channels, operate up to 100 GHz. Fiber optic 
communication systems use light as the signal carrier which has frequencies between 100 
and 1000 THz, so even at a carrier frequency of 500 THz, we can estimate the available 
bandwidth to be about 50 THz [2]. To demonstrate this point further, consider the following 
transmission media shown in Table 1.1 in terms of their capacity to carry, simultaneously, a 
specific number of one-way voice channels. Bear in mind that the numbers mentioned here 
only represent orders of magnitude and not actual values.
M edium N o. O f One-W ay Channels
Single Coaxial Cable 13,000
Microwave 20,000
Satellite Link 100,000
Single Fiber Optic Link 300,000 Two way Chns.
Table 1.1 Carrying capacity of various transmission media
As we can see from the table above, one fiber optic communication link, can carry 300,000 
two way voice channels simultaneously. This explains why fiber optic communication 
systems form the backbone of modem telecommunications and will more than likely 
continue to shape the future [2],
1.2.1 A dvantages o f  O ptical Fibers.
Apart from the superior capacity optical fiber offers over other forms of communication 
systems, other advantages include:
Low Loss: Optical fibers have lower transmission losses and wider bandwidths compared 
with copper wires. An attenuation of a few tenths of a dB/km is typical of commercial glass 
fibers operating at 1.3 pm and 1.55 pm, resulting in more data being sent over longer 
distances and reduces the number of repeaters needed, which in turn decreases the system 
cost and complexity.
Small size and weight:
The low weight and small size of fibers have a distinct advantage over bulky wire cables in 
terms of handling in crowded environments such as underground ducts or ceiling mounted 
cable trays.
Security and reliability:
Due to their dielectric nature, optical fibers are immune to electromagnetic interference from 
signal carrying wires and lightning. Fiber also provides a high degree of data security as the 
optical signal is confined within the waveguide.
Abundant Raw Material:
As silica is the principle material of which optical fibers are made and is found in sand, the 
raw material is abundant and inexpensive. The real expense is in the purification process.
1.3 Basic Optical Communication System
A basic communication system consists of a transmitter, a receiver and an information 
channel as shown in Figure 1.1. At the transmitter, the data is generated and put into a format 
that is suitable for transmission over the optical fibers. The information travels from the 
transmitter to the receiver, via the information channel, where the data is extracted and put 
into its final form.
Transm itter
Fig. 1.1 General Fiber Optic Communication System
1.3.1 Transmitter
At the heart of the transmitter is a light source, the major function o f which is to convert an 
electrical data signal into an optical signal. Fiber optic communication systems use either 
light emitting diodes (LED) or laser diodes as transmitters.
When choosing an optical source to be used with the optical waveguide various 
characteristics of the fibre must be taken into account such as geometry, attenuation as a 
function of wavelength, its group delay distortion and its modal characteristics. Then the 
characteristics of the optical source such as the emitted power, spectral width, radiation 
pattern, and modulation bandwidth must be compatible with the type o f fiber chosen.
1.3.1.1 Light Em itting D iodes.
For optical communication systems requiring bit rates of about 100-200 Mb/s over a few 
kilometres and optical power in tens of microwatts, LEDs are usually the best choice. 
Generally LEDs are used with multimode fibres as usually the incoherent optical power can 
only be coupled into these types of fibres in sufficient quantities to be useful [3], However, 
some applications have used specially fabricated LEDs with single mode fibres for data 
transmission at bit rates up to 1.2 Gb/s over several kilometers [4,5]. Figure 1.2, shows a 
multimode optical fiber inserted directly in the semiconductor material to place the fiber as 
close to the active area as possible. LED sources do not need as much complex circuitry as 
laser diodes because no thermal stabilisation circuits are required, they also have longer 
lifetimes and may be fabricated with less expense [1], However, a major disadvantage, apart 
from a much bigger linewidth, is that they are very inefficient at coupling optical power into 
single mode fibres. This is due to a larger emitting area, greater beam divergence and 
incoherent light output [6],
Fig 1.2 Schematic o f LED structure [7]
1.3.1.2 Lasers
Semiconductor lasers are not unlike LED’s in principle. However, unlike LEDs where the 
light output is generated by spontaneous emission, in a semiconductor laser most of the light 
is created by stimulated emission. As can be seen from Figure 1.3, a p-n junction provides 
the active medium which also acts as an optical waveguide and can be as simple as a high 
refractive index bulk semiconductor material or can contain a multiple quantum well stack 
set within a waveguide. To obtain laser action the requirements of population inversion and 
optical feedback must be met. A population inversion is accomplished by injecting a drive 
current along the length of the laser through contacts on the p- and n- doped sides of the laser 
diode. Usually, layers of semiconductor material are fabricated next to the active region to 
confine the current to a thin strip, carriers are then injected into the active region via the thin 
strip. Lasers may be classed as either multimode or single mode devices.
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Fig 1.3 Schematic o f diode laser [8]
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Fabry-Perot (FP) Lasers.
Optical feedback is provided by cleaving the ends of the semiconductor crystal to create 
mirrors at either end of the active medium forming a Fabry-Perot cavity. Standing waves, 
each of different frequency, are setup within the cavity and are referred to as longitudinal 
modes. The modes occur at wavelengths or frequencies where the electric field has an 
integral multiple of half wavelengths with zero magnitude at the mirror surfaces. The 
number of modes in the cavity is given by
- 7 -
where m is an integer, c is the speed of light, n is the refractive index of the cavity and L the 
optical path length between the mirrors [1]. The frequency separation between each mode is 
given by
The output spectrum of the laser will contain only the modes which fall under the gain curve 
as shown in Figure 1.4 and such lasers are called multimode lasers.
Intensity
Fig 1.4 Gain Curve ofFP Cavity
One of the major disadvantages of FP lasers is the multimoded output spectrum, shown in 
Figure 1.5. Each of these modes propagates with a different velocity in the fibre due to the 
refractive index of the fibre varying with wavelength. This can have a detrimental effect on 
the transmitted signal resulting in pulse broadening thereby limiting the bit-rate-distance 
product (BL).
1521.75nm 4.0nm/div 1541.75nm 1561.75nm
Wavelength (nm)
Fig 1.5 Continuous Wave Spectrum of a Fabry Perot multimode laser
(b) Single Mode Lasers.
A single mode output may be achieved through the use of distributed feedback (DFB) lasers 
or distributed Bragg reflector (DBR) lasers.
DFB Lasers
The feedback mechanism needed for laser action in a DFB is distributed throughout the 
cavity length and can be seen in Figure 1.6. This is achieved through the use o f a grating 
etched on to one o f the layers so that its thickness varies periodically along the cavity length. 
The resulting periodic variation of the refractive index provides feedback by means of the 
backward Bragg scattering which couples the forward and backward propagating waves.
currant flow
^  B r a g g  re fle c to r  
light 
v  a c t iv e  z o n e
resonator ^
Fig 1.6 Schematic structure of a DFB laser [9]
Reflection at this periodic structure is wavelength sensitive, components reflected at each 
step are in phase if the periodic spacing A  satisfies the Bragg condition
A =
mJL
(1.3)
where A is the wavelength inside the laser medium and m is the order of Bragg diffraction 
induced by the grating [10]. Selecting an appropriate periodic spacing allows a single mode 
o f oscillation for the laser as can be seen in Figure 1.7.
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Fig 1 .7 Continuous Wave Spectrum of a DFB laser
DBR Lasers
In DBR lasers the grating is etched near the cavity ends and the distributed feedback does 
not take place in the central active region, as can be seen in Figure 1.8. The unpumped 
corrugated ends act as wavelength selective mirrors while optical gain and wavelength 
tuning are provided by the active section and the Bragg section respectively.
DBR laser diode
Phase section
Bragg reflector Gain section
Fig 1.8 Schematic of a DBR laser [8]
1.3.1.3 Modulation 
External Modulation
Also incorporated into the transmitter is a modulator which is used to vary the continuous 
light wave output from a laser diode. The modulator is placed in the optical path of the laser 
and an electrical signal representing the data stream acts upon the modulator which affects 
the CW light passing through the modulator and results in the output of an optical data 
signal. External modulation is most often performed using either electro-optic Mach-Zehnder 
modulators (MZMs) or electroabsorption modulators (EAMs) [11],
-  1 0 -
Mach-Zehnder Modulators.
The Mach-Zehnder modulator, depicted in Figure 1.19, operates by splitting light into two 
equal paths via a Y-splitter and then applying an electric field (voltage) to one of the arms 
inducing a refractive index change and thereby a relative phase shift between the two paths. 
The optical signals are then recombined and interfere with each other either constructively or 
destructively depending on the degree of phase shift. Constructive interference results when 
the waves are in phase and add together to give a higher output intensity. Destructive 
interference occurs when the waves are out of phase by 180° and cancel each other out
resulting in no light.
Electrical Contacts
CW Light In — CW Light Out
Electo-Optic Material
Fig 1.9 Mach-Zehnder modulator [8]
Electroabsorption Modulators.
The main materials used to fabricate EAMs as well as lasers, SOAs and photodetectors are 
III-V semiconductors which allow easy integration of EAMs with these components. Figure
1.10 shows the structure of an EA device. EA modulators operate via the electroabsorption 
effect; either the Franz-Keldysh effect in the bulk active layer or the quantum-confined Stark 
effect in multiple-quantum-wells [12], Applying an electric field to a semiconductor material 
alters the band structure causing the amount of light absorbed to vary. By applying a reverse 
bias the light absorbed is increased and no light is transmitted, while applying no voltage to 
the EA modulator allows light to be transmitted.
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Fig 1.10 Structure of an EAM [13]
Antireflection film
Direct Modulation
Direct modulation of the optical signal may be achieved by varying the voltage applied to the 
laser (i.e. bias and data) resulting in intensity modulation, as shown in Figure 1.11. The 
advantage of this method is the simplicity, lower cost and lower driving voltages. There are 
however two main drawbacks with direct modulation; the bandwidth is restricted by the laser 
diodes relaxation oscillation frequency and the creation of chirp produces a broadening of 
the spectrum. Chirp results from variations of the carrier density within the cavity which 
creates changes in the refractive index, which in turn varies the emitted wavelength.
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Fig 1.11 Direct Modulation
In contrast to direct modulation techniques, external modulators have negligible chirp 
because the modulating voltage is applied directly to the modulator, while the laser source 
remains at a constant voltage. However the disadvantage with external modulation is the 
extra cost of an additional component and the high insertion loss introduced to the system.
1.3.2 Fibre Medium
It has been recognised for a long time that light, with a carrier frequency of 1014 Hz, has the 
potential to be modulated at much higher frequencies than radio or microwaves and as a 
result allows for the possibility of a single communication channel with extremely high 
information content. However, one of the main problems in implementing this was that 
without some sort of guiding medium, any transmission would be limited to line of sight and 
subjected to the unexpected and uncontrollable changes of the weather. In 1870 John Tyndall 
demonstrated that light could be guided within a water je t due to total internal reflection but 
it was not until the mid 1960’s that the idea of confining light within a circular cladded 
dielectric waveguide for use in communication systems was seriously considered [1]. The 
basic structure of such a guide, known as an optical fiber, consists of a core region 
surrounded by a cladding where the cores material has a higher refractive index than the 
cladding.
Optical fibres are available in two basic types; step index and graded index (GRIN), with 
both being divided into multimode and single-mode classes. Multimode fibre has a much 
larger core diameter compared to single mode fibre allowing many modes to travel through 
the waveguide.
1.3.2.1 Step Index Fibres
In step index fibres the refractive index remains constant across the diameter of the core and 
there is a sudden change in the refractive index at the core/cladding boundary. A step index 
single mode fiber is shown in Figure 1.12 which typicaly has a core radius of 5-10 |j.m and a 
cladding radius of 120 ^m. Because of this, when light enters the optical fiber it propagates 
in just a single mode and experiences very little chromatic dispersion.
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Fig 1.12 Single Mode Step Index Fibre [14]
In a multimoded step index fiber, shown in Figure 1.13, the core is relatively large compared 
to the cladding and there is a sharp change in the refractive index between the cladding and 
the core. The multiple modes result from this larger core diameter and from the fact that light 
will only propagate in the fiber core at discrete angles within the cone o f acceptance. Light 
entering the core below the critical angle is guided along the fiber via total internal 
reflection. A disadvantage of multimode step index fibres is that they suffer from intermodal 
distortion which may be described as follows. When an optical pulse is launched into an 
optical fibre the optical power in the pulse is distributed over all of the modes of the fibre. 
Higher order modes, rays which entered the fiber at a higher angle, must travel further than 
lower order modes and so different modes arrive at the end of the fiber at different times 
resulting in distortion. This intermodal distortion maybe reduced by using a graded index 
profile in the fibre core.
Dispersion
Fig 1.13 Multimode Step Index Fibres [14]
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1.3.2.2 Graded Index Fibres
It can be seen in Figure 1.14 that for GRIN fibres the refractive index decreases from the 
core out towards the cladding. As a result the lower order modes experience a higher 
refractive index, so they travel slower than the higher order modes, which travel farther but 
move faster in the lower refractive index of the outer core region. The light rays no longer 
follow straight lines, but instead follow a serpentine path being gradually refracted back 
toward the centre by the continuously declining refractive index. This reduces the arrival 
time difference between the different modes and so they all arrive at the end of the fiber at 
about the same time.
Fig 1.14 Multimode GRIN Fibres [14]
Although intermodal distortion is reduced in graded index fibres, it confines the use of 
multimode fibres to short or narrow band communication links. Long distance 
communications must use single mode fibres thereby avoiding the problems associated with 
intermodal distortion. However, these fibers still suffer from “intramodal dispersion”, so 
called as it occurs within one mode. Intramodal dispersion is caused by material dispersion 
(chromatic dispersion), and waveguide dispersion.
1.3.2.3 Characteristic o f  Optical Fibres.
M aterial Dispersion
Material dispersion causes pulse spreading due to the dispersive properties of the material 
and arises because the refractive index of the fiber material is dependent on the wavelength. 
Pulse spreading occurs because eveiy light source includes several wavelengths radiated by
the source, the components o f  the pulse will travel within the fibre at different velocities and 
arrive at the fibre end at different times, thus causing the pulse to spread.
Chromatic dispersion is the rate o f  change o f  the group delay with wavelength. In terms o f  
the propagation constant, (50 , if  it is expanded in a Taylor series [15], then
/3(a)) = / ? „ + # ( » - ©  J  +  0.5/?2 (© -  co0 f  + ... (1.4)
In this series, the term p x is the inverse o f  the group velocity,
1 , dco
P x = —  where v =  —  (1.5)
v„ dk
and P2 is the group velocity dispersion which causes the pulse broadening.
a _ ® d n
P i , 2 (1-®)c dco
The wavelength at which = 0 is called the zero dispersion wavelength.
The group velocity dispersion is related to the commonly used dispersion parameter D  by the 
equation
'2.7VC
D  = ~ f i 1 (1.7)
To obtain the total dispersion, the material contribution must be added to the waveguide 
contribution. Generally the waveguide contribution to (32 is negligible except near the zero 
dispersion wavelength at which point the two become comparable.
W aveguide Dispersion.
Waveguide dispersion is caused by the fact that light is being guided by a structure. After 
entering a single mode fibre the light pulse is distributed between the core and cladding. The 
major portion travels within the core while the rest travels in the cladding. Both portions 
travel at different velocities because the core and the cladding have different refractive
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indices resulting in the pulse spreading. Waveguide dispersion in a standard single mode 
fiber (SSMF) is relatively small compared to material dispersion. An interesting feature o f  
waveguide dispersion is that its contribution to D or (/? 2) depends on the fibre design 
parameters such as the core radius and the core cladding index difference. This feature may 
be used to shift the zero-dispersion wavelength to 1.55 jun where the fibre loss is a 
minimum, as in dispersion shifted fibres (DSF).
Polarization M ode D ispersion.
A ll fibres have a certain degree o f  birefringence and have a core that is not perfectly circular 
over their entire length which leads to birefringence because o f  different mode indices 
associated with the orthogonally polarised components o f  the fundamental fiber mode. If the 
input pulse excites both polarisation components, it becom es broader at the fiber output since 
the two components disperse along the fiber because o f  the different group velocities. This 
phenomenon is particularly noticeable in single mode fibre transmission at ultra high bit 
rates.
Attenuation
It is important to consider the attenuation o f  a light signal as it propagates along a fiber as 
this is a major factor in determining the maximum transmission distance. The signal 
attenuation coefficient, a , expressed in decibels per kilometre, is defined as
1 0 ,a  =  — lo g
L P\  01II J
(1.8)
where Pout is the optical output power from a fiber o f  length L and P^ is the optical input 
power [6], This attenuation coefficient varies as a function o f  wavelength as can be seen in 
Figure 1.15.
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Fig 1.15 Attenuation versus wavelength for a glass optical fiber [15]
Attenuation o f  light in optical fibers is due to two physical processes; absorption and 
scattering. The dashed line in Figure 1.15 represents attenuation due to Rayleigh scattering 
caused by incomplete molecular bonds or variations in molecular spacing that result in 
photons being scattered out o f  the fiber by small refractive index variations in the glass. The 
peaks in the plot are due to absorption o f  light by molecules in the fiber, mainly due to OH 
ions created during the manufacturing process [15]. Conventional single mode fibers have 
tw o low attenuation ranges, one at about 1.3 |un and another about 1.55 (im. ITU-T G.652 
recommends losses below 0.5 dB/km in the region o f  1310 nm, and below 0.4 dB/km in the 
1500 nm region with most SSMF typically having a loss o f  0.2 dB/km [15],
1.3.3 Receiver
A t the output end o f an optical transmission line there must be a receiving device to interpret 
the information contained in the optical signal. The first element o f  this receiver is a 
photodetector. The photodetector detects the radiated power falling on it and converts the 
varying optical power into a correspondingly varying electric current. A s the optical signal at 
the end o f  the optical fibre is usually weakened and distorted, the photodetector must meet 
very high performance requirements. These requirements include a high response or 
sensitivity to the wavelength range o f  the optical source, a minimum addition o f noise to the 
system, and a fast response speed or sufficient bandwidth to handle desired data rate. The 
detector should also be insensitive to variations in temperature, have a reasonable cost in 
relation to the other components o f  the system and have a long life span. Semiconductor 
photodiodes are used almost exclusively in fiber optic systems due to their small size,
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suitable material, high sensitivity and fast response time. The two types o f  photodiodes used 
are the pin photodetector and the avalanche photodiode (APD)
1.3.3.1 The pin Photodiode
Fig 1.16pin Photodiode [16]
The pin Photodiode includes an extra intrinsic semiconductor layer between the p-type and 
n-type layers thereby improving on the standard pn junction. This synthetic increase in the 
depletion region increases the chances o f  intercepting a photon. Applying a small reverse 
biasing voltage can extend the depletion region which has a number o f  beneficial effects. In 
the standard construction o f  a photodiode light enters through the p-type layer, i f  this is now  
part o f  the depletion region, the chances o f  creating an electron hole pair in this critical 
region is improved as well as the efficiency o f  the device. The performance o f  pin 
photodiodes maybe improved by using a double-heterostructure design similar to that shown 
in Figures 1.16 and 1.17. The middle i-type layer is sandwiched between the p-type and n- 
type layers o f  a different semiconductor whose bandgap allows light in the wavelength 
region o f  1.3-1.6 p,m to be absorbed only in the middle layer. InGaAs is commonly used for 
the middle layer and InP for the surrounding p-type and n-type layers.
Au.;Au-Sn
I 5Ü \ ► InP 
J  j — *JnGaAs
n4lnP
iSubstmtc)
L ig k
Fig 1.17 Design o f an InGaAs pin Photodiode [16],
1.3.3.2 T he APD
The avalanche photodiode provides considerably increased photocurrents by internally 
amplifying the number o f  charge carriers produced from a single photon interaction. This 
internal amplification is achieved by operating the diode with a reverse bias voltage o f
- 1 9 -
approximately 100-200V, very near the breakdown voltage o f  the diode. Electron hole pairs 
are created when light enters the p layer and as electrons drift down towards the positive 
potential they are accelerated in a zone o f  high electric field created between the p and n 
layers. This gives each electron enough energy to excite another electron, through impact 
ionisation, into the conduction band, which in turn excite further electrons and so an 
avalanche o f  electrons is created. Each electron leaves a corresponding hole which moves 
upwards towards the negative potential, resulting in a large number o f  charge carriers created 
from a single photon interaction. Figures 1.18 shows a commonly used structure called a 
reach through avalanche photodiode that creates little excess noise during the carrier 
multiplication process.
Electric Field
Fig 1.18 Reach-through avalanche photodiode structure
In general APD photodetectors have a much higher gain than pin photodetectors and are 
useful high sensitivity detectors, but pins have a much faster switching speed, and as a result 
have been largely deployed in high bit rate detection [15],
N ow  that w e have looked at the components needed for a basic optical communications 
system w e w ill take a look at two major methods o f measuring system performance.
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B it Error Rate (BER)
The performance o f a digital lightwave system is characterised through the bit-error rate 
(BER). The BER is usually defined as the average probability o f incorrect bit identification, 
for example a BER o f 10‘6 corresponds to an average o f one error per million bits. Most 
lightwave systems specify a BER o f 10'9 as the operating requirement. The BER depends on 
interchannel interference, optical power at the receiver with respect to the sensitivity o f  the 
receiver, modulation technique and noise sources. An important parameter that is indicative 
o f  receiver performance is the receiver sensitivity and is defined as the minimum average 
received optical power for which the BER is 10"9. Receiver sensitivity depends on the signal 
to noise ratio (SNR), which in turn depends on various noise sources that corrupt the signal 
received.
E ye D iagram s
Eye diagrams are a very successful way o f  quickly and intuitively assessing the quality o f a 
digital signal. A  properly constructed eye should contain every possible bit sequence from 
simple 101 ’s and 010’s, as shown in Figure 1.19. The size o f  the interior region o f the eye 
pattern, known as the eye opening, can reveal information such as the rise time, over shoot, 
dispersion, and jitter. W hile the width o f  the eye opening shows the amount o f  inter-symbol 
interference that may be tolerated and the height relates the noise margin o f  the system.
1.4 System Performance.
0 0 0
1 1 1
Fig 1.19 Overlapping o f bit sequence to form an eye diagram [17]
Although the channel capacity o f a basic optical communication system is larger by a factor 
o f nearly 10,000 than that of microwave systems, they still operate well below this capacity, 
mainly due to the speed of currently available electronics. To overcome this limitation it is 
necessaiy to use optical multiplexing techniques to increase the number of optical data 
channels per fiber and thereby increase the aggregate data rate [18].
Line Codes
The type of modulation format employed is also an important consideration as it can enhance 
the system performance. Non-retum-to-zero (NRZ) and retum-to-zero (RZ) are the most 
common types. With the RZ format each optical pulse representing a 1 is shorter than the bit 
slot and its amplitude returns to zero before the bit duration is over. In the NRZ format the 
optical pulse remains on throughout the bit slot and its amplitude does not drop to zero 
between two or more successive logic l ’s. The RZ code is more stable than NRZ for long 
haul high-speed transmission as it is more resilient to dispersion and non-linearities while 
also offering higher receiver sensitivities [19].
Summary.
A brief introduction to the historical origin of optical communications has been given 
followed by a discussion on the capacity of various communication methods and the 
advantages of using optical fibers. A basic optical communication system comprising of a 
transmitter, transmission medium and receiver has also been described. The chapter 
concluded with descriptions o f bit error rates and eye diagrams to qualitatively and 
quantitatively measure the system performance. Modulation formats were also discussed. 
The following chapter will discuss the need for high-speed networks and describe various 
multiplexing techniques used to achieve higher data rates.
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2. High-Speed Optical Networks
Introduction
This chapter introduces the origins of optical multiplexing and describes the basic operation 
o f two of the most common optical multiplexing techniques, namely wavelength division 
multiplexing (WDM) and optical time division multiplexing (OTDM). A brief outline of the 
main components of each technology is given along with a description of the fiber 
parameters which can have a detrimental affect on the performance of both systems. 
Emphasis is placed on some important features of a pulse source to be used in an OTDM 
system before describing a hybrid system which combines the merits of both WDM and 
OTDM.
2.1 Need for High-Speed Networks
The demand for bandwidth continues to grow, mainly driven by the massive increase 
in internet usage and other high capacity features such as high definition TV, high resolution 
video conferencing and high performance computing. As a result, it will be necessary to 
have communication networks that can handle these very high data rates. Current 
technologies such as copper wire, radio or satellite communication systems lack the 
bandwidth needed to cope with these higher data rates and as a result optical networks are 
seen as the only possibility to provide the necessary bandwidth. However, this increasing 
demand for higher bandwidth will require much higher transfer capacities per optical fiber 
than currently available. There are a number of ways to increase the transmission capacity of 
a fiber. One way is to increase the bit rate of a single channel, which requires higher speed 
electronics. A second method is to increase the number of data channels per fiber by 
multiplexing the base data rate to increase the overall transmission capacity. Multiplexing 
may be carried out via frequency division multiplexing (FDM) or time division multiplexing 
(TDM), both o f which can be realized in the electrical or optical domain. In the optical 
domain FDM is known as wavelength division multiplexing (WDM) and TDM is known as 
optical time division multiplexing (OTDM). For a long time electrical time division 
multiplexing (ETDM) had been the method used to combine information channels.
2.2 ETDM in Optical Networks
In an ETDM communication system, depicted in Figure 2.1, messages are multiplexed in the 
electrical domain. The multiplexed electrical signal then modulates an optical source, such as 
a laser, in the electro-optic (EO) converter which converts it to an optical signal. The optical 
signal travels down the fiber until it reaches the receiver where it is detected in the opto- 
electric (OE) converter and converted back to an electrical signal. This received signal is 
then demultiplexed and each electrical message is sent to its intended destination. The 
multiplexed bit rate may be defined as nB, where n is the number of channels and B is the bit 
rate of each channel. The capacity of ETDM is mainly limited by the speed of the electronics 
which results in the formation of bottlenecks that occur in the multiplexer, EO and OE 
converters and the demultiplexer, where the electronics have to operate at the full 
multiplexed bit rate. These bottlenecks arise due to a number of reasons, including; the speed 
limitations of digital integrated circuits and of high power/low noise linear amplifiers used to 
drive the laser or modulator in the EO and OE converters and also because of the limited 
bandwidth of lasers and modulators [1]. Experimental demonstrations have shown that the 
technique of ETDM could be used to achieve bit rates of 40 Gb/s [2, 3, 4, 5], More recently, 
experiments have shown rates of 85.4 and 107 Gb/s are attainable [6, 7], however it is 
important to note that the current commercial operating limit of ETDM is around 10 Gb/s 
[8],
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Fig 2.1 Schematic o f a basic ETDM communication system
As the ETDM bit rate of commercial systems is restricted by the speed of electronics, 
alternative technologies for the development of high-speed networks have to be considered. 
If the multiplexing and demultiplexing stages are carried out in the optical rather than the 
electrical domain, then the previously mentioned bottlenecks could be avoided. WDM eases
this problem by taking the 10 Gb/s electrical bit rate and optically multiplexing many 
channels, for example 16, to increase the bit rate to 16 x 10 Gb/s or 160 Gb/s. Consequently 
ETDM and WDM technologies typically make up today’s fiber optic networks.
2.3 WDM
The basic principle of WDM is to use the wavelength of light as a degree of freedom to 
simultaneously transmit a number of different wavelength signals through a fiber. WDM 
technology was aimed at upgrading the capacity of installed point to point transmission 
systems. Initial development involved adding two, three or four additional wavelengths 
separated by several ten or even hundreds of nanometers in wavelength [9]. The operating 
principle of a WDM system is shown in Figure 2.2. The electrical data is modulated onto 
optical carriers each emitting at different discrete wavelengths. The modulation process may 
be carried out by either direct or external modulation. The first transmitter, TX 1, generates a 
data stream at wavelength A,i, TX 2 uses and so on. All these signals are combined by a 
multiplexer (coupler) and then transmitted over a single optical fiber. A demultiplexer, at the 
receiver end, can extract a single channel from the aggregate signal via a tunable optical 
filter (TOF) or can separate the aggregate signal into individual channels using an arrayed 
waveguide grating (AWG). The chosen channel/s can then be directed to the appropriate 
receiver/s.
STM
STM
Fig 2.2 Basic WDM transmission system with N  different wavelength channels.
Wavelength division multiplexing allows parts of the optical spectrum, depending on the 
optical amplifier used, to be divided up into discrete wavelengths (channels) with each 
wavelength allocated to an individual channel. This process is similar to frequency division 
multiplexing in radio technology. Generally in WDM systems, transmission is usually kept 
to the Conventional (C) band (1535 -  1560 nm) in order to utilize current amplification 
technology, and also because of the low loss transmission window at 1,5um for standard
STM
singe mode fiber. The spacing between the channels within this band has been laid out by the 
International Telecommunications Union (ITU). The standard channel spacing involves 
increments of 25, 50, 100, 200 and 400 GHz, corresponding to wavelength spacing of 0.2, 
0.4, 0.8, 1.6 and 3.2 nm at 1550 nm. When the wavelength spacing is on the order of a 
nanometer, it is common to refer to such systems as dense wavelength division multiplexed 
(DWDM) systems, although no formal definition has been established [9]. Some major 
advantages of WDM systems are that they are transparent to bit rates, protocol and 
modulation formats.
Some challenging issues of WDM networks that wish to exploit the fiber bandwidth include 
developing broadband, rapidly tunable laser sources to achieve a large number o f closely 
spaced channels, fiber non-linearities and the spectral dependence of the amplifier gain. All 
these conditions determine the maximum number of wavelength channels and the 
transmission distance [10].
2.3.1 Enabling Technologies
Two of the main technologies used in WDM systems include, optical filtering, for 
wavelength-division multiplexing and demultiplexing and broadband optical amplification
[11], both of which are described below.
Optical Amplifiers
The first practical optical amplifier was the erbium doped fiber amplifier (EDFA), and it is 
still the dominant amplifier technology. By 1991 it was apparent that they would be widely 
used in long-haul optical fiber communications systems. Systems based on EDFAs were 
much cheaper than systems based on electronic repeaters, as each channel required a 
repeater, and they avoided the necessary opto-electric conversion. Also, they took advantage 
of the broad gain bandwidth of erbium to transmit many wavelengths at once. Due to their 
large gain and high output powers, the spacing of amplifiers could be increased to two or 
three times that of electronic repeaters which helped to significantly reduce the cost of 
transmissions systems [12], EDFA’s show a relatively flat gain spectrum from 1540-1560 
nm and belong to a category of amplifiers called rare earth doped fiber optical amplifiers 
which also include the following amplifiers; Thulium-Doped fiber amplifiers that operate 
between 1440-1520 nm, Neodymium-doped fiber amplifiers which amplifies light at about 
1400 nm and Tellurium based Erbium doped fiber amplifiers that provide amplification in 
the C and L bands 1532-1608 nm [13]. Other types o f amplifiers include Raman amplifiers 
which can also be used in conjunction with EDFAs to enhance amplification and extended
the distance before regeneration is needed. In its most basic form, shown in Figure. 2.3, an 
EDFA contains a section of erbium doped fiber (EDF), a pump laser and a coupler for 
combing the signal and the pump power. The core section of the EDF contains 
approximately 1018 erbium ions/cm3, which is then pumped using a 980 nm or 1480 nm 
laser. An optical isolator is also incorporated to prevent back reflections.
Fig 2.3 Schematic o f EDFA
In terms of their use in WDM systems, slightly different characteristics of EDF As are 
required at various points along the link. A post amplifier, or booster amplifier, placed 
immediately after the transmitter, is designed to provide maximum output power, not 
maximum gain, and raises the power of an optical signal to the highest level, maximizing the 
transmission distance. This relieves pressure on the transmitter to produce maximum optical 
power, which can degrade the quality of the signal. An inline amplifier has moderate gain, 
noise and saturation output characteristics. Gain flatness is a major requirement for in-line 
amplifiers because there are usually many of them cascaded along the long distance link. If 
the gain varies significantly at different wavelengths then there will be a difference in power 
of multiplexed channels. The preamplifier is placed directly in front of the receiver and is 
used to amplify a weak optical signal after a long transmission. Its major features should be 
low noise, high gain and high sensitivity.
Filters
Optical filters are used in WDM systems to perform simple filtering in multiplexers and 
demultiplexers along with advanced functions such as gain equalization, channel monitoring 
and dynamic provisioning in optical add drop multiplexers (OADMs) [14]. Optical filtering 
is based on interference or absorption and they are distinguished as fixed optical filters and 
tunable optical filters (TOF). Fixed optical filters are made for a specific application and a 
specific narrow slice of the spectrum, they are simpler and less expensive compared to
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tunable optical filters. The most common parameters specific to filters are; passband, finesse 
(FP filter), cutoff wavelength and extinction ratio. TOFs are constructed with passive or 
active optical components and provide the flexibility to select a range of wavelengths. The 
following requirements must be met for TOFs to be useful in optical communication 
systems; wide tuning range, narrow bandwidth, fast tuning, low cross talk and insensitivity 
to temperature. Some common filters used in optical networks include Fabry-Perot (FP) 
interferometers, fiber Bragg gratings (FBG) and arrayed waveguide gratings (AWG) which 
are described below.
The Fabry Perot interferometer consists o f two parallel reflectors separated by a small 
distance from each other forming an FP etalon. Multi-wavelength signals travel back and 
forth within the cavity with some wavelengths, known as the resonant wavelengths o f the 
cavity, adding in phase and being transmitted. The number of wavelengths that can pass 
through the FP resonator without severely interfering with each other determines the finesse 
of the filter. The higher the finesse, the narrower the resonant linewidth. Tunable FP filters 
can be attained by varying the cavity length.
Fiber Bragg gratings, shown in Figure 2.4, are similar to FP interferometers and have many 
uses such as narrow bandpass filters, band rejection filters and add-drop filters. They consist 
of a segment which has a periodically varying refractive index along its core, which is 
formed by exposing the core to an intense ultraviolet optical interference pattern. It works as 
a highly reflective narrowband mirror, reflecting one wavelength and transmitting all others. 
The wavelength being reflected is called the Bragg wavelength (kB) and is determined by the 
Bragg condition:
(2 .1)
Where A is the grating period and neff is the effective core refractive index [15].
Fiber Bragg Grating
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Fig 2.4 Schematic structure of fiber Bragg grating [15].
Tuning o f the Bragg grating (vatying the Bragg spacing), can be achieved by either 
mechanical or thermal means.
Another useful filter is the arrayed waveguide grating (AW G) which uses an array o f  
waveguides whose lengths differ by a set amount [16]. The difference in length varies the 
phase o f  the light travelling in each waveguide with respect to each other. This results in a 
wavelength dependent diffraction pattern and each wavelength is then directed to different 
output fibers thereby acting as a wavelength multiplexer or demultiplexer.
As already mentioned, much higher transfer capacities per fiber than is currently available 
w ill be needed to satisfy the increasing demand for bandwidth. Whether this will be achieved 
by a higher number o f  wavelengths per fiber or by higher bit rates per wavelength is still an 
open issue. It is also possible that by combing both technologies the demand for bandwidth 
may be satisfied. Generally for data rates o f  80 Gb/s or more per wavelength, OTDM has to 
be applied as electronic processing is not yet possible at these high-speeds [17]. Compared to 
WDM, OTDM is not as mature and has been limited to high-speed experiments. In the short 
term, potential applications are limited to systems requiring extremely high transm ission 
speeds, such as high resolution medical imaging systems or arrays o f  radio telescopes [18]. 
In the long run, OTDM is seen as a viable alternative for transmitting large volumes o f  data 
that are currently divided into many optical channels using WDM.
2.4 OTDM
OTDM was first proposed around 1988 to overcome the speed limitations o f  electronic 
devices in ETDM systems by multiplexing optical data channels in the temporal domain [1], 
OTDM systems mainly operate in the 1.55 fun transmission window because o f  the 
availability o f  Erbium Doped Fiber Amplifiers (EDFA’s). A  vital component for OTDM  
transmission is a source o f  RZ pulses because a number o f  pulses must be time interleaved 
within the bit period to generate a much higher aggregate signal [19].
This thesis focuses on the generation o f  optical pulses for use in high-speed optical networks, 
and, careful consideration is given to some o f  the important parameters o f these pulses. 
Various pulse generation techniques are discussed in detail in Chapter 3.
2.4.1 G eneral System
The basic configuration for an OTDM system is shown in Figure 2.5. A  vital component o f  
this system is a source o f  ultra short optical pulses, generated at a repetition rate R. The pulse 
train is split using a passive optical fiber coupler into N  different channels before each 
channel is passed through a modulator to be modulated with electrical data, operating at a bit 
rate B, where R =  B. The output from each modulator is essentially an optical RZ data
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channel with the data being represented by ultra short optical pulses. Each channel is passed
through a fixed fiber delay line which delays it by relative to the adjacent channel, in a
process known as bit interleaving. The N  modulated and delayed optical data channels are 
then recombined using another passive fiber coupler, forming the OTDM data signal. The 
multiplexed signal is then transmitted over the fiber before arriving at the receiver where it is 
then demultiplexed.
Figure 2.5 Schematic o f generalised OTDM system.
In order to achieve very high-speed OTDM transmission systems, it is necessary for optical 
pulse sources to generate picosecond transform limited (chirp free) pulses at high repetition 
rates. There are a number o f  ways to generate ultra short pulses for use in OTDM systems 
including; mode locking o f a semiconductor laser, Q-switching, gain switching and pulse 
shaping using an external modulator, all o f  which are described in more detail in the next 
chapter. As already mentioned, the optical pulse source is one o f the most important 
components in a high-speed OTDM network and for optimum performance, the pulse 
sources need to satisfy certain requirements, the most important o f  which are outlined below.
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Pulse Parameters
Pulse Width: The pulse width o f  the optical signal determines the upper limit o f  the 
aggregate bit rate [20] and must be significantly less than the allowed timeslot to avoid 
crosstalk. A s a rule o f  thumb, for long distance high capacity transmission, a duty cycle o f  
about a third is required [21]. A s shorter pulses have a wider optical spectrum, decreasing the 
pulse width may increase dispersion resulting in a compromise between system crosstalk and 
pulse spreading caused by dispersion [1].
Spectral Width: The transmission length is one o f  the factors influenced by the pulse spectral 
width. A s a result pulses have to be as spectrally pure as possible to minimize pulse 
broadening due to the interaction o f  source chirp with fiber chromatic dispersion. The figure 
o f  merit used is the time-bandwidth product, d\dt, where 8v is the spectral width and dt is 
the temporal width. Optimum systems performance can be better achieved i f  the pulses are 
transform limited, i.e. the spectral width o f  the pulse is as small as possible for a given pulse 
width [22], The transform limited value o f  the time bandwidth product for a Gaussian pulse 
is 0.44 and 0.31 for a secant pulse.
Side Mode Suppression Ratio (SMSR): The SMSR o f an optical pulse is a measure o f the 
intensity difference between the main longitudinal mode and the largest side mode and 
usually expressed in decibels. Generally an SMSR o f >30 dB is preferred for optical 
communication systems (in particular, multi-channel systems employing optical pulses). Any 
less than this can result in the build up o f  noise on the optical pulses due to mode partition 
noise [22],
Temporal Pedestal Suppression Ratio (TPSR): For high-speed OTDM transmission at 40 
Gb/s and above, a poor TPSR can severely limit the performance o f  the system by creating 
interference noise between individual channels (inter-symbol interference). For better system 
performance a TPSR o f over 30 dB is required [23],
Timing Jitter: Another factor affecting the performance o f  high-speed OTDM systems is 
timing jitter. This can limit the overall data rate by limiting the number o f  channels in an 
OTDM system and can also affect the BER by adding errors caused by the uncertainty o f  a 
pulses position within the bit period [24]. Timing jitter can be classed as either correlated or 
uncorrelated. Correlated jitter is negligible but uncorrelated timing jitter, which is related to 
spontaneous noise and pulse turn-on dynamics, has much larger amplitude and is the 
dominant contribution to the total timing jitter [25],
Multiplexer
High-speed multiplexing / demultiplexing is the process where channels o f  the lower digital 
hierarchy signals are multiplexed to those o f  the higher hierarchy signals (M UX) and visa 
versa (DEM UX) and is one o f  the key functions to achieve ultra high-speed optical 
transmission [26]. The operation o f  multiplexing may be described as three sub functions; 
sampling, timing and combining. Sampling identifies the base band data stream, determining 
the value o f  each incoming bit. Timing ensures the samples are available at the right time 
slots on the multiplexed channel and the combining function assembles all the base band 
data streams to create the higher bit rate multiplexed data stream [1], Sampling can be 
carried out using on optical modulator to sample incoming electrical data (STM-n) with ultra 
short pulses, creating N  optical RZ data channels. The value o f  the electrical data stream is 
represented by an optical pulse in a bit slot to correspond to a one or no optical pulse to 
correspond to a zero. Timing is achieved by delaying the modulated pulse stream by 1/NR 
relative to adjacent channels. Combining these channels together to form the higher 
aggregate data rate is done using a coupler. The interleaved signal then has a data rate o f  N  x  
STM-n. This interleaving may be carried out either by bit interleaving or packet interleaving.
D em ultiplexer
The demultiplexer is the most critical element o f  an OTDM system and may be achieved 
either electrically or optically depending on the aggregate bit rate. Electro-optic 
demultiplexing commonly uses electro-absorption (EA) and Mach Zehnder (MZ) modulators 
which have suitable characteristics to allow channels from the data stream to be removed or 
added [18]. The modulators can pick out a base channel data rate up to 40 Gb/s but to fully 
demultiplex the aggregate data stream a modulator is required for each channel. Above 40 
Gb/s it is necessary to use all-optical switching techniques which are based on optical non- 
linearities in an optical fiber or a semiconductor device [27, 28], In this case, the OTDM 
signal and a high power ultra short optical control signal are inserted into the non-linear 
device. The control signal operates at a rate equal to the base rate o f  the OTDM signal and is 
synchronised to one o f  the OTDM channels to demultiplex it from the other high-speed 
channels.
2.5 Performance Limitations of WDM and OTDM Systems
There are a number o f  limitations imposed on optical transmission by the fiber medium 
which degrade the optical signal and limit the system performance. These limitations maybe 
broadly classified as linear and non-linear effects. Attenuation and dispersion are classed as 
linear while the remaining non-linear effects include; Self Phase Modulation (SPM), Cross 
Phase Modulation (XPM) and Four Wave M ixing (FWM), each o f  which is described further 
below.
Attenuation
Fiber attenuation varies significantly with wavelength, losses in the 1310 nm region are 
about 0.35 dB/Km and about 0.2 dB/Km in the 1550 nm window. This can cause unequal 
channel powers when the channel spacing is very large for example in coarse wavelength 
division multiplexing (CWDM). Optical amplifiers are used to overcome attenuation by 
amplifying all signals within their specific operating range. To accommodate more channels, 
the channel separation maybe decreased, but this increases the chances o f  non-linear effects 
degrading the system performance. Also as the gain o f  an amplifier is not entirely flat over 
the C band, this causes different signal-to-noise ratios (SNR) for different channels, 
degrading the overall system performance.
D ispersion
Material (chromatic) dispersion is the most detrimental type o f  dispersion faced by WDM  
systems as it results in broadening o f  the optical signal in time which in turn leads to 
intersymbol interference (ISI) and ultimately limits the transmission distance. It arises 
because the refractive index o f  the fiber is dependant on the wavelength which causes 
different wavelengths to travel at different speeds down a fiber. A  few  ways to compensate 
for this dispersion would be to incorporate dispersion compensating fiber (DCF) or chirped 
fiber Bragg gratings (FBG). Using these mentioned techniques exact compensation is 
achieved for only one wavelength. Consequently, other wavelengths experience different 
compensation resulting in residual dispersion that accumulates over distance. To compound 
the problem, each o f  the different channels in a WDM system will experience a different 
dispersion factor making it necessary to consider the rate o f  change o f  dispersion with 
wavelength (dispersion slope). Small pulse widths in high bit rate OTDM transmission 
systems are more susceptible to dispersion due to the wider spectrum which can lead to cross 
talk between adjacent channels and in turn a loss o f  signal integrity due to ISI.
Non-linear Effects
There are two categories o f  non-linear effects. The first arises due to the interaction o f  light 
waves with phonons in the silica medium, also called non-linear inelastic scattering. The two 
main effects in this categoiy are stimulated Brillouin scattering (SBS) and stimulated Raman 
scattering (SRS). The second and main category o f  interest arises due to the dependence o f  
the refractive index on the intensity o f  the applied electric field. This produces effects such 
as self phase modulation (SPM), cross phase modulation (XPM) and four wave mixing 
(FWM). These are the most important effects for W DM and OTDM systems.
SPM, which is present in both single and multi-wavelength systems, arises because the 
refractive index o f  the fiber has a weak dependence on the intensity o f  the optical signal and 
is given by
P
n = n0 + n2I  = n0 + n 2 ------  (2.2)
A eff
Where n0 is the ordinary refractive index o f  the material, n2 is the non-linear coefficient, P is 
the power and A eff is the effective area [15]. This non-linear refractive index causes a phase 
shift proportional to the intensity o f  the pulse, and so consequently, different parts o f  the 
pulse experience different phase shifts that result in chirping o f the pulse. A s a result, the 
rising edge o f  an unchirped pulse experiences a red shift in frequency (toward lower 
frequencies), seen in Figure 2.6, and the trailing edge experiences a blue shift (toward higher 
frequencies). This chirping is proportional to the signal power meaning that SPM is more 
pronounced in systems using high transmitted powers. A lso, the SPM induced chirp affects 
the pulse broadening effects o f  chromatic dispersion and so it is important to consider this 
for high-bit-rate systems that already have significant chromatic dispersion limitations [9].
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>
Fig 2.6 SPM induced frequency chirp
XPM also arises from the refractive index non-linearity in multi-channel (WDM) systems, 
which converts power fluctuations in a certain wavelength channel to phase fluctuations in 
other channels. When several channels propagate in a fiber, the non-linear phase shift o f  a 
specific channel depends on the power o f  that channel as well as the power o f the other 
channels. XPM hinders systems performance via the same mechanisms as SPM; frequency 
chirping and chromatic dispersion, and for pulses o f  equal intensity, it introduces twice the 
amount o f  distortion as SPM [29]. The influence o f  XPM becomes greater with the increase 
o f more wavelength channels.
FWM is an effect where two signals on different wavelengths interact through the non-linear 
refractive index o f  the fiber, to generate additional sum and difference frequencies. 
Consequently, FWM does not occur in single wavelength OTDM networks. The magnitude 
o f  these new components depends on the channel separation (increasing with decreasing 
separation), the fiber dispersion (increasing as dispersion decreases) and the power per 
channel. Performance degradation is caused in two ways: first, the generation o f new 
components at different frequencies represents a loss o f  signal energy and hence an increase 
in the bit error rate; second in systems with a large number o f  equally spaced channels the 
new components may fall directly on frequencies allocated to other channels; this can cause 
severe crosstalk. A  number o f techniques are available to overcome this limitation, one o f  
which involves combing standard fiber sections with dispersion compensating fiber sections 
to significantly reduce the generation and accumulation o f  FWM components [30],
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Fig. 2 .7 Two optical frequencies mix generating two third order side bands.
2.6 H ybrid W D M /O TDM  Networks
As we have seen, OTDM can be used to increase the bandwidth of a single wavelength 
channel. However, it can also be combined with WDM to increase the network capacity 
further [10]. To increase the speed of optical communication networks and push them into 
the Tb/s realm, problems with both WDM and OTDM must be addressed. For high capacity 
WDM networks, broadband amplifiers are needed to support the large frequency span, 
creating design and cost problems because the attenuation coefficient of the fiber and the 
gain of the optical amplifiers are both wavelength dependant. The increase in wavelengths 
can cause problems when attempting to compensate for dispersion as each wavelength is not 
compensated to the same degree which results in residual dispersion that accumulates over 
distance. Also the separation between channels will have to be reduced to allow for further 
expansion, increasing the chances of non-linear effects degrading system performance. For 
OTDM systems operating at 1 Tb/s, the bit slot is set at 1 ps and so sub-picosecond pulses 
are required. Assuming transform limited pulses, the spectral width would be about 12 nm 
(THz range) making dispersion management very difficult. The small bit slot also brings 
about the need for greater timing accuracy and requires timing jitter to be dealt with 
precisely. The major advantage of combining both WDM and OTDM schemes, first 
proposed by Ali and Fussgaenger in 1986 [31], is that neither one is pushed to their limits. 
Other advantages include a smaller number of pulse sources and better spectral efficiency 
(the ratio of bit rate to available bandwidth). Spectral efficiencies of 0.4 bps/Hz are 
acceptable for standard RZ coding schemes [32] with better efficiencies achievable using 
more complex modulation formats such as Carrier Suppressed Return to Zero (CSRZ), 
Single Side Band Return to Zero (SSB-RZ), and duo-binary modulation formats.
Figure 2.8 below shows a possible layout for a hybrid WDM/OTDM system. It consists of 4 
bit-interleaved OTDM systems each operating at a different wavelength. Each OTDM 
system consists of three different channels, each operating at a base rate of 40 Gb/s resulting
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in a 120 Gb/s aggregate signal from each bit-interleaved system. When WDM is included, an 
overall aggregate hybrid transmission rate of 480 Gb/s can be achieved.
120 Gbits @
480 Gbits
WDM/OTDM ►
Signal
120 Gbits @ X4
Fig. 2.8 Schematic for possible layout o f hybrid WDM/OTDM network.
In 1996 the first OTDM/WDM transmission experiment with a total capacity of 400 Gb/s 
was demonstrated using 100 Gb/s x 4 WDM channels exhibiting pulse widths of less than 3 
ps [33]. Recent experiments have demonstrated 1.28 Tb/s transmission over 420 km of 
SSMF using 8 channels, each operating at 170 Gb/s [34]. Even higher rates of 3 Tb/s have 
been achieved using 19 WDM channels of 160 Gb/s OTDM signals [35],
Sum m ary
This chapter began by describing the need for high-speed optical networks, before talking 
about electrical multiplexing and progressing onto the optical multiplexing techniques of 
WDM and OTDM to take advantage of the vast bandwidth available in an optical fiber. 
Major enabling technologies as well as the limiting factors for both types of networks are 
discussed. Particular attention is given to the parameters of the pulse source, a vital 
component for an OTDM network. Finally, the operation of a hybrid network that combines
both technologies to achieve data rates in excess o f  1 Tb/s is considered along with some o f  
the problems which must be tackled.
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3. Ultra Short Pulse Generation
Introduction
A s the demand for bandwidth continues to grow, so too does the necessity to develop high­
speed optical technologies to construct large capacity networks such as high-speed OTDM 
and hybrid WDM/OTDM networks. A key component o f  such high-speed systems is a 
source o f ultra short optical pulses with high repetition rates. Various applications such as 
demultiplexing, clock recovery, signal processing and sampling are also dependant on the 
generation o f  such pulses. There are a number o f  important parameters which the pulse 
source must meet to be useful in such high capacity networks. These include pulse duration, 
spectral width, timing jitter and side mode suppression ratio (SMSR). Various pulse 
generation schemes are available and some o f  the more popular schemes are discussed here, 
these include mode locking, Q-switching, pulse shaping using an electro-absorption 
modulator and gain switching. However, particular attention is paid to the technique o f  gain 
switching due to its simplicity and cost effectiveness. It w ill be shown how this method o f  
generating short optical pulses has a number o f  short comings associated with it and how we 
can overcome these problems by using the techniques o f  se lf seeding and external injection.
3.1 Pulse Generation Techniques
3.1.1 M ode Locking
Mode locking is one o f  the most popular ways to produce high repetition rate ultra short 
optical pulses and is commonly carried out on semiconductor laser diodes and fiber ring 
lasers [1-2]. The term mode locking describes the locking o f  multiple axial modes in a laser 
cavity [3]. It is achieved by combining in phase a number o f  longitudinal modes o f  a laser 
which all have slightly different frequencies. A  simple descriptive analogy is given here to 
explain the mechanism o f  mode locking. When modes o f  electromagnetic waves o f  different 
frequencies and random phases are added together, they produce a random distribution, 
average output o f  both the electric field and intensity in the time domain. Figure 3.1 shows 
three out o f  phase sinusoidal waves o f  frequency co, 2co and 3 go added together to produce a 
randomly fluctuating total field amplitude. The intensity variation is provided by squaring 
the amplitude.
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Fig. 3.1 Amplitude and intensity o f (a) out-of-phase waves added together 
(b) in-phase waves added together [4]
When the same three frequencies or modes are added in phase, i.e. when all their phases are 
zero at the same spatial location as can been seen in Figure 3.1 (b), they combine to produce 
a total field amplitude and intensity output that has a characteristic repetitive pulsed nature. 
Mode locking may be carried out either actively such as using an acousto-optic device driven 
by an RF signal, or passively via a non-linear optical shutter that opens when the laser pulse 
arrives. As a result o f  achieving such phasing or mode locking, it has become a powerful 
method for generating ultra short pulses [5, 6],
3.1.2 Q -Switching
Q-switched lasers are a useful technology that allow high peak powers and high repetition 
rates [7]. Looking at Figure 3.2 w e can see the basic dynamics o f  Q-switching [8]. The 
cavity loss is initially set at some artificially high value while the population inversion, and 
therefore the gain and stored energy, in the laser medium are pumped up to a level much 
higher than normal. This is achieved by blocking or removing one o f  the mirrors to prevent 
the build up o f  oscillation while the pumping process increases the population inversion to a 
very high level. Once a large inversion has been developed, the cavity feedback mechanism 
is restored which switches the cavity Q factor back to its usually large value. The result is a 
very short, intense burst o f  laser light which dumps all the accumulated population inversion 
in a single short laser pulse.
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Fig. 3.2 Evolution of a Q-switched pulse [8]
Q-switching may be achieved either actively or passively. Active switching includes the use 
o f  rotating mirrors, electro-optic or acousto-optic shutters while passive switching uses 
saturable absorbers [5].
3.1.3 Pulse Shaping using External M odulators.
As has already been mentioned, another suitable technique for generating short optical pulses 
involves using continuous wave (CW) light from a laser diode coupled into an external 
modulator that is sinusoidally driven and suitably biased. Short, near transform limited 
pulses are shaped out o f  CW light due to the fact that the modulator response to an applied 
voltage is non-linear [9]. The greater the degree o f  non-linearity (slope o f  the transfer 
characteristic) the shorter the achievable pulses due to a higher compression factor. The 
shaping o f  optical pulses is most often performed using either electro-optic Mach-Zehnder 
modulators (MZMs) [10] or clectroabsorption modulators (EAMs) [11], The operation o f  
both types has been described in section 1.3.1.3. Here w e w ill discuss the method used to 
generate pulses using the Mach Zehnder modulator [12], Pulse shaping using an EAM is 
discussed at the end o f  this chapter. Figure 3.3 below shows the transfer characteristics o f  the 
MZM and the EAM.
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Fig. 3.3 Transmission curve for MZM (left) and EAM (right)
The transfer curve o f  an MZM as a function o f  applied voltage has a sinusoidal shape. The 
bias voltage applied to the modulator may be set to any point along the transmission curve 
depending on the desired application. Pulses are carved out o f  CW light by biasing the 
modulator near its null point and driving it with a sinusoidal electrical signal. Another 
application involves biasing at the null point and driving the modulator at twice the 
switching voltage which results in the shaping o f pulses that have a repetition rate o f twice 
the frequency o f the applied electrical signal. A  disadvantage o f  this technique is that a high 
driving voltage is needed. Comparing the two different types o f  modulators; lithium niobate 
modulators have low  wavelength chirp but one o f  its drawbacks includes high operating 
voltages [11], Electro absorption modulators, however, could be driven at lower voltages and 
are easy to integrate with a light source compared to lithium niobate modulators. The major 
disadvantages o f both types are the high insertion loss. Also, the need for a modulator for the 
shaping o f  pulses, which is not necessary when using other techniques, could be considered a 
disadvantage in terms o f  the additional cost.
3.1.4 Gain Switching
Gain switching o f  a laser diode is one o f  the simplest techniques available for producing high 
repetition rate optical pulses. Its advantages include easily tuneable repetition rates, stability, 
compactness and simplicity [13]. The first indication that very short optical pulses can be 
generated by a directly modulated laser was first observed from relaxation oscillation when 
turning on a laser from below threshold. It was noticed that the optical pulse width was much 
shorter than the applied electrical signal [14]. Gain switching is achieved by applying a large 
amplitude RF signal to a laser biased below threshold to excite the 1st spike o f relaxation 
oscillation and then terminate the electrical pulse before the onset o f  subsequent spikes. This 
results in the generation o f  optical pulses that are much shorter than the applied electrical 
signal. Gain switching is very similar to laser spiking and the same mechanisms o f  spiking
may be used to describe the gain switching process, and can be followed in Figure 3.4. Once 
the electrical signal has been applied the carrier density, N(t), passes up through the 
threshold value N,h at the starting time t,, but the photon number, n(t), within the cavity is 
still zero at this time. As soon as the carrier density, N(t), passes through the threshold value, 
N th, at time tb the gain begins to exceed the losses and the photon number begins to build up 
exponentially from noise. A s the photon number, n(t), increases, the optical signal in the 
cavity becomes large enough to start burning up the injected carriers faster than the pump 
(electrical signal) can supply them. A s a result, beyond the time t2 the carrier density, N(t), 
stops increasing and begins to be pulled down rapidly. However the carrier density, N(t), is 
still greater than the threshold value, Nth, so the net gain within the cavity is still greater than 
the losses and as a result the photon number continues to rise. When the carrier density, N(t), 
reaches the threshold, Nth, value, thereby equalling the gain and loss in the cavity, the photon 
density, n(t), reaches its peak value at time t3 and starts to drop back downward. At this point 
there is still a large optical signal travelling around inside the cavity, burning up excited 
carriers but the carrier density, N(t), continues to be driven below the threshold level, Nth- 
A lso at this point there is a net loss within the cavity and the photon number, n(t), begins to 
suddenly drop down. When the photon number reaches t4, the carrier density reaches a 
minimum value. If the electrical pulse is terminated as the carrier concentration falls, this 
prevents the second peak o f  relaxation oscillation from occurring resulting in the output o f  
picosecond optical pulses.
Fig 3.4 Carrier and photon density variation during gain switching cycle [8]
The mechanism behind gain switching can be described by analysing the rate equations for a 
single mode laser that connect the photon density P, and electron density N , in the cavity
[15].
^  =  ^ 7 - g { N - N t ) P - —  (3.1)
at qa r n
^  = g r ( N - N t ) P -  —  + J3T—  (3.2)
d t r p r n
J =  Injected current density
q =  Electron charge
d =  A ctive layer thickness
g  =  Gain coefficient
N t =  Carrier density at transparency
r  =  Optical confinement factor
P  =  Fraction o f  spontaneous emission coupled into the lasing mode
T n = Electron lifetime
T p  = Photon lifetime
Equation 3.1 describes the evolution o f  the carrier density within the active region. The
qd
term describes the injected carrier density into the active region. This value w ill increase 
with larger injection currents and for smaller cavities. The second term, —g ( N  — N t)P ,
N
accounts for stimulated emission. T h e  term describes the spontaneous emission due to
the recombination o f  carriers. The evolution o f  the photon density is described in equation 
3.2. The first term on the right hand side, gT (N  — N t)P  describes the photon growth rate 
due to stimulated emission. The change in sign compared to equation 3.1 is due to photons
P
produced by stimulated emission while carriers are lost. The second term , accounts for
t p
the loss o f  photons from the cavity, described by the photon lifetime and is due to
N
absorption, scattering and emission through one o f  the mirrors. The last term, fJT —
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represents the fraction o f  spontaneous emission that yields a photon which contributes to the 
lasing mode.
3.1.4.1 Characteristics o f  a Gain Switched Pulse.
The duration and peak power o f  the pulse depends on a few  different parameters such as 
structure o f  the laser, the material, relaxation oscillation frequency, amplitude o f  applied 
current, and the bias current [5]. However, typical pulse widths achievable from gain 
switching range from 10-60 ps. A  gain switched pulse may be roughly described as a 
combination o f  two exponential curves o f  a rise and fall time, where the decay time is about
1.3 to twice the rise time [15]. The rise time o f  the pulse is inversely proportional to the net 
charge Q transferred to the active region by the electrical pulse while the fall time depends 
on how far down below threshold the carrier density is pulled during the formation o f the 
optical pulse [14]. It has been shown that the dc bias is an important factor in determining 
the quality o f  the gain switched pulse. There is an optimum dc bias level for which the pulse 
width (FWHM) is minimised and the amplitude is at a maximum, this is usually just below  
the threshold current o f  the laser. Biasing further below threshold adds a number o f  
disadvantages such as increasing the duration o f  the optical pulse and decreasing the 
amplitude, also there is an increase o f both frequency chirp and noise and a delay in the 
emission o f  subsequent pulses [15]. Biasing above threshold would reduce frequency 
chirping but also reduces the signal on/off ratio resulting in an extinction ratio penalty [15]. 
Therefore, biasing just below the threshold value o f  the laser allows for the best 
performance. One o f  the main reasons for not being able to reduce the pulse width is due to 
the difficulty in maintaining a large initial inversion before emission o f  the optical pulse
[16].
3.1.4.2 Gain Switched O ptical Spectra and Frequency Chirp
An important parameter o f  gain switched pulses is their optical bandwidth. Gain switching o f  
a laser diode results in the spectrum being broadened and may be clearly seen when 
compared to the spectrum o f  the same laser operating in CW mode. This broadening could 
lead to a dispersion penalty in an optical communications system as discussed in the 
previous chapter. During the emission o f  a gain switched pulse the carrier concentration 
experiences large variations and so the refractive index within the cavity also varies. Since 
the wavelength is related to the carrier concentration, due to the effect o f  free carriers on the 
refractive index o f  the semiconductor material, the wavelength also changes. This 
wavelength chirping AX may be described by the following equation [14]
/ /  dn
An is the variation o f  the carrier density within the cavity, dfj. /  dn describes the dependence 
o f  the refractive index on the carrier concentration and typically has a negative value 
meaning that the wavelength shifts towards longer wavelengths (red shift) [17]. Due to this 
wavelength chirp, gain switched pulses have a time bandwidth product that is far from 
transform limited. A lso it is important to note that the chirp across the centre o f  the pulse is 
linear while the chirp in the wings o f  the pulse is non-linear. So for practical applications o f  
gain switched pulses in communication systems, some form o f  chirp compensation is needed 
to counteract the effects o f  both the linear and non-linear chirp. This is usually carried out 
using either dispersion compensating fiber (DCF) or chirped fiber Bragg gratings [18]. 
Another side effect o f  the gain switching process is the reduction in the side mode 
suppression ratio (SMSR). A s explained in the previous chapter, the SMSR is the ratio 
between the power in the strongest mode and the second strongest mode. During gain 
switching the SMSR is degraded. This reduction in the ratio is due to large fluctuations in the 
photon density caused by the laser being pulled below threshold. This causes the side modes 
o f  the laser to be strongly excited lowering the SMSR [19]. This degraded SMSR will lead to 
an increase o f  noise on the pulses due to the interaction o f  mode partition noise effect with 
either fiber dispersion or spectral filtering. This effect w ill be described further in the next 
chapter. A  simple and cheap technique to improve the SMSR and to a small degree the chirp 
o f  a gain switched pulse source is to se lf seed [20] or inject light from an external source into 
the gain switched laser [21]. This will be demonstrated later in this chapter.
3.4.1.3 T im ing Jitter
Timing jitter is another important parameter o f  optical pulses as it can have a dramatic effect 
on the performance o f  a communication system when a gain switched pulse source is used. 
Timing jitter may be classed as either correlated or uncorrelated. Correlated jitter is mainly 
caused by the drive circuits and is considered to be negligible [22], Uncorrelated jitter 
however is the major contributor to the overall timing jitter and is related to the spontaneous 
noise and pulse turn on dynamics. The time between when the laser is switched on and the 
optical emission is called the turn on delay time and the noise that manifests itself in the turn 
on delay time jitter (TOJ) originates from the fluctuations in the photon density during the 
build up o f  the optical pulse, caused by the random nature o f  spontaneous emission [23]. The
n (3 .3)
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effects o f  jitter may be addressed in a number o f  ways. Two o f  the simplest methods are self- 
seeding [24] or external injection [25] o f  the gain switched laser, both o f  which has been 
shown to partially reduce the TOJ.
3.2 Experim ental Results
3.2.1 G ain Switching o f  a DFB Laser Diode.
Gain switching may be carried out by driving the laser with either large amplitude short 
electrical pulses or with a large sinusoidal current. The former has been reported to result in 
narrower optical pulses [26] but it is difficult to generate electrical pulses at the desired 
repetition rates for use in high-speed OTDM systems. A s a result, the use o f  sinusoidal 
currents at high frequencies is more attractive. This section outlines the procedure and results 
o f  gain switching a DFB laser diode with a sinusoidal current. A  schematic representation o f  
the setup used is shown in Figure 3.5. The laser used was a commercially available InGaAsP 
DFB (KELD 1551 CCC) device. When biased at 60 mA it had a central wavelength o f  1542 
nm at 25°C. The first step was to take a dc characterization o f  the device. By plotting the 
optical output power versus the bias current the threshold current o f  the laser was found to be 
about 19 mA and was initially biased just below this point and later changed to optimise the 
output pulses. A  signal generator produced a 2.5 GHz sine wave which was passed through a 
50:50 electrical power splitter. H alf o f  the modulating signal was used to trigger an 
oscilloscope and the remaining half was electrically amplified (to a power o f  about 29 dBm) 
before being coupled into a bias tee to combine the electrical signal with a variable dc bias 
and applied to the laser.
Fig. 3.5 Experimental setup for gain switching a DFB laser
The output signal was then coupled into a fiber via a Graded Index (GRIN) lens that had an 
antireflection coating to prevent back reflections entering the laser. This signal was then split 
by a 3 dB coupler to allow characterisation in both the spectral and temporal domains. One 
arm was coupled into an Anritsu M S9717A optical spectrum analyser (OSA) which had a 
resolution o f  0.07 nm and the other arm was passed into a high-speed photodetector and then 
a 50 GHz oscilloscope (HP54750A). The dc bias and the modulation frequency were 
optimised to obtain the best possible pulse in terms o f  duration and noise. The resulting 
optical pulses are shown in Figure 3.6.
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Fig. 3.6 Gain switched pulses (a) non averaged (b) averaged over 16
From the non averaged pulse the jitter is quite noticeable and measured to be about 3 ps. The 
measured pulse width is 17 ps, but to calculate the actual pulse width, the temporal 
resolution o f  the measurement system must be taken into account, which in this case was 
about 12 ps. The resolution o f  the measurement system accounts for the rise times o f  both 
the photodetcctor and oscilloscope. The actual deconvolved pulse width, r A, is then given by 
the sum o f  squares formula:
*  a  =  V ( t m 2 ~ * r ) ( 3 -4 >
where rM is the pulse width measured on the oscilloscope and t r  is the temporal resolution 
o f  the measurement system. The deconvolved pulse width was found to be 12ps.
U sing an optical power meter, a reading o f  the average power o f  the pulse was taken at the 
output o f  the optical coupler and measured to be 0.18 mW. From this it was possible to 
calculate the peak power, PPeak, o f  the optical pulse using the deconvolved pulse width, At, 
and the period o f  the modulation frequency, T.
The optical spectrum for the laser running in CW mode and under modulation is shown in 
Figure 3.7 (a) and (b) respectively. It can be clearly seen that when the laser diode is 
modulated the longitudinal modes o f  the gain switched spectrum are broadened due to 
frequency chirp.
The peak power of the pulse was calculated to be 6.02 mW.
W avelength, tim W avelength, (nm)
Fig 3.7 CW spectra (a) and gain switched spectra (b)
Under modulation the spectral width increased to 0.5 nm (63 GHz at 1542 nm). The resulting 
time bandwidth product (TBP) was 0.75. A side effect o f  the gain switching process is the 
reduction in the side mode suppression ratio (SMSR). Under CW operation the SMSR is 
approximately 35 dB, however, once modulated the SMSR is degraded to about 9 dB.
As w e can see, there are a few  complications that accompany the gain switching process. 
Problems with temporal jitter, an increased spectral width and degraded SMSR must be 
addressed before gain switched pulses can be used in an optical communication system. Two 
o f  the most common techniques available to counter these ill effects are se lf seeding and 
external injection. Both involve injecting an optical signal back into the laser cavity during 
the build up o f  a pulse, and both produce cleaner optical pulses (in terms o f  jitter), improved 
SMSR and a reduction in the spectral width.
3.2.2 Self Seeding o f  a G ain Switched DFB Laser.
S elf seeding involves reflecting back a small potion (0.2-6%) o f  the pulse back into the 
cavity [14, 27] using a wavelength selective element to seed the desired mode. The reflected
pulse must arrive back at the laser at just the right time (when the carrier density is starting to 
build up) to obtain a large SMSR. Figure 3.8 below shows the setup used to self seed the 
DFB laser. The gain switching section was carried out using the same setup as before while 
the se lf seeding section comprised o f  an external cavity containing a tunable Fiber Bragg 
grating (FBG) and a polarisation controller (PC). The laser used was the same as before 
(InGaAsP DFB laser). An electrical signal amplified to a power o f  about 29 dBm at a 
frequency o f  2.5 GHz was initially applied to it via a bias tee that combined the RF signal 
with a variable dc bias. The dc bias was varied to optimise the output pulses and set to about
16.3 mA. The output signal was coupled into a fiber via a fiber GRIN lens and then split 
using a 50:50 optical coupler. One arm o f  the coupler was connected to the FBG which 
reflected the signal back into the laser.
PC
To obtain optimum se lf seeded gain switched (SSGS) pulses, the central wavelength o f  the 
fibre grating was tuned to the main longitudinal mode o f  the gain switched laser. The 
modulation frequency was then varied to ensure that the signal re-injected back into the 
cavity arrived as an optical pulse was building up. A  suitable frequency was found to be 2.47 
GHz. The PC was also adjusted to optimise the re-injected signal. The SSGS pulses were 
then analysed in the spectral and temporal domains using the lower output arm o f  the optical 
coupler. The spectral results o f  gain switching and se lf seeding are show in Figure 3.9 (a) 
and (b) respectively.
Fig. 3.9 (a) Gain switched spectra and (b) self seeded gain switched
The broadened spectrum (compared to the cw  case) and reduced SMSR (9.6 dB) o f  the gain 
switched spectrum can be seen in Figure 3.9 (a). The improved SMSR (33.9 dB) o f the 
SSGS spectrum seen in Figure 3.9 (b) is due to the feedback signal causing an initial 
excitation level w ell above the spontaneous emission noise level for the main mode, 
resulting in the output being strongly single moded with a high SMSR [20], The visible 
reduction in the linewidth to 0.34nm (43 GFIz @ 1543nm), and hence the time bandwidth 
product (0.6), is brought about by the reduction in the frequency chirp. This is caused by the 
injected optical feedback signal lowering the overall variation o f  the carriers within the 
cavity during the build up o f  the pulse.
Fig 3.10 (a) Gain switched pulse, (b) SSGS pulse
Figure 3.10 (a) shows the gain switched pulse with a FWHM o f  12.3 ps (deconvolved) and 
an rms jitter o f  about 3 ps. The average power o f  the pulse, measured at the lower output arm 
o f  the 3 dB coupler was about 0.19 mW, and from this the peak power o f  the pulse was 
calculated to be 6.18 mW. Figure 3.10 (b), illustrates the se lf seeded gain switched pulses
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and it can be seen that the pulse duration has increased to 14 ps, while the rms jitter has been 
reduced to 1.6 ps. The average power decreased slightly to 0.18 mW and the peak power to
5.4 mW. Both traces are non-averaged. Both the reduction in the timing jitter and the 
increase o f  the SMSR are due to the same fundamental mechanism. As mentioned before, 
uncorrelated timing jitter stems from random fluctuations o f  the spontaneous emission 
during the build up o f  the pulse. The optical feedback increases the photon number in the 
relevant mode which decreases the effects o f  spontaneous emission. This reduces the random 
fluctuations o f  the photon density which manifests as a smaller timing jitter in the output 
pulses [28].
A  major disadvantage o f  se lf seeding is that the length o f  the cavity has to be continually 
tuned so that the pulse repetition frequency is an integer multiple o f  the cavity round trip 
time. This ensures that the seeding signal arrives back at the laser cavity during the build up 
o f  the next optical pulse. An alternative technique that requires no adjustment o f  the 
repetition frequency or cavity length involves external injection o f  light from a CW source 
into a gain switched laser [29, 30],
3.2.3 E xternal Injection Seeding o f  a D FB  Laser.
The experimental setup used to externally inject light from a master laser to a slave laser is 
shown in Figure 3.11. The laser diodes used were commercially available NEL DFB’s 
contained in a hermetically sealed high-speed package. The gain switched laser had a 
threshold current o f  about 19 mA, an output power o f  4 dBm when biased at 3 times the 
threshold and a central emission wavelength o f  1551 nm. Gain switching was carried out at 
10 GHz by applying the electrically amplified signal to the laser that was to be modulated 
via a bias tee. The bias tee was used to combine the electrical RF signal with a dc bias o f
17.5 mA. CW injection was provided by a second DFB laser which injected light into the 
gain switched laser via a circulator and a PC. This master laser had a central wavelength o f  
1550 nm, was biased at 23 mA and had an isolator incorporated into the attached fiber pig­
tail, preventing any light from entering it. B y varying the temperature o f  the master laser it 
was possible to attain wavelength tunability (over a range o f  about 2 nm). This allowed the 
emitted wavelength to be match to that o f  the slave laser. The PC was used to ensure that the 
light being injected into the slave laser was aligned with its optical axis thereby maximising 
the output SMSR.
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To Oscilloscope Trigger PC
Fig 3.11 Schematic o f external injection setup
Taking into account the losses due to the circulator, PC and coupling o f  light into the 
modulated laser, the optical power injected was estimated to be about -20 dBm. The 
resulting externally injected gain switched pulses were observed on an oscilloscope and 
optical spectrum analyser via the output arm o f  the circulator and can be seen in Figures 3.12 
and 3.13 respectively.
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Fig. 3.12 Gain switched spectra (a) without and (b) with external injection
With optimum light injection an improvement in the SMSR from 11 dB under gain 
switching, to 28 dB with external injection was achieved. This can be explained as follows. 
A s light is injected into the cavity, the carrier concentration in the modulated laser decreases 
since the gain threshold o f  the mode whose frequency coincides with the frequency o f  the 
injected photons becomes lower. A ll other modes then remain far below their threshold gain
[31]. The spectral width before and after injection were measured at 1.4 nm and 1.2 nm 
respectively.
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Fig. 3.13 (a) Gain switched pulse and (b) externally injected pulse
Figure 3.13 shows the zero optical level to indicate the good extinction ratio (>20 dB) o f  the 
generated pulses. Before injection the rms jitter was measured at 3.3 ps, and was reduced to
1.4 ps with injection. As with self seeding, the external injected signal provides an excitation 
above the spontaneous emission level within the laser cavity, reducing the relative 
fluctuations in the photon density thereby reducing the timing jitter o f  the optical pulses [32], 
The deconvolved pulse width before injection was about 9.5 ps and after injection was 11 ps. 
After injection the TBP was 1.63, while the peak power was 4.7 mW.
3.2.4 Gain Switching o f  a Fabry Perot Laser Diode.
To gain switch the FP laser wc used the same experimental setup as was used to gain switch 
the DFB laser, Figure 3.14. The FP laser used was a commercially available InGaAsP device 
which had a threshold current o f  19 mA and a central wavelength o f  1541 nm. The 2.5 GHz 
electrical signal from the signal generator was passed through a 50:50 electrical power 
splitter. One half o f  the modulating signal was used to trigger a sampling oscilloscope and 
the remaining 50% was electrically amplified before being coupled into a bias tee to 
combine the electrical signal with a variable dc bias and then applied to the laser. The output 
signal was then coupled into a fiber via a graded index (GRIN) lens that had an antireflection 
coating to prevent back reflections entering the laser. The optical pulses were then 
characterised in the spectral and temporal domains by passing the signal through a 3 dB 
optical coupler; one arm was passed to an OSA and the other into a high-speed photo 
detector which was coupled to a 50 GHz oscilloscope. Both the dc bias and the modulation 
frequency were optimised to obtain the best possible pulse in terms o f  duration and noise. 
The resulting optical pulses are shown in Figure 3.15 (a) and (b).
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Fig. 3.14 Experimental setup for gain switching an FP laser
Figure 3.15 (a) shows a non averaged pulse and figure (b) shows a pulse averaged over 16. 
The FWHM pulse width was measured to be 32 ps, which after taking into account the 
resolution o f  the measurement system, gave a deconvolved pulse width o f  29.6 ps. RMS 
jitter was measured at about 2 ps.
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Fig. 3.15 Gain switched pulses from FP laser (a) non averaged (b) and averaged
The optical spectra for the laser running in CW mode and under modulation are shown in 
Figure 3.16 (a) & (b) respectively. When the laser diode is modulated it can be seen that the 
longitudinal modes o f  the gain switched spectrum are broadened due to frequency chirp. 
Under modulation the spectral width o f  each mode increased to about 0.7nm (88.4 GHz at 
1541 nm).
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Fig 3.16 Optical spectra ofFP laser (a) CW (b) gain switched
From these results w e can see that gain switching an FP laser produces a pulse train with a 
multimode spectrum. While these pulses exhibit less temporal jitter than a DFB laser, the 
multimode spectrum would still cause a problem i f  these pulses were used in an optical 
communication link. As the pulse travels in a dispersive fiber medium, each mode travels at 
a different speed resulting in temporal broadening. A s well as the benefits se lf  seeding offers 
in terms o f  improving the timing jitter and to a small degree the chirp, it has also been shown 
that self seeding o f  an FP laser improves the SMSR by increasing the number o f  photons in a 
particular mode which lowers the gain threshold o f  that mode thereby increasing its output 
power in comparison to the side modes. In essence, self-seeding an FP laser can switch the 
output from multimode to single mode emission [33 j.
3.2.5 Self Seeding o f  an FP  Laser.
S elf seeding a gain switched FP laser is one o f  the simplest and cheapest ways to generate 
wavelength tunable single mode optical pulses and there have been many reported 
experiments using this technique [34, 35], The laser diode is seeded with optical feedback o f  
a suitable wavelength and once the feedback arrives during the build up o f  an optical pulse, a 
single moded pulse is emitted. Figure 3.17 below outlines the setup used to generate self 
seeded gain switched pulses. The same FP laser used for gain switching was again used here. 
Gain switching was carried out by applying a 2.5 GHz modulating signal and a dc bias 
current o f  13.3 mA to the laser diode. Self seeding was realised by using an external cavity 
consisting o f  a PC, a 3 dB optical coupler and a tunable fiber Bragg grating (FBG) which 
had a 3 dB bandwidth o f  0.37 nm.
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The central wavelength o f  the fibre grating was tuned to one o f  the longitudinal modes o f  the 
gain switched laser. The modulation frequency was then varied to ensure that the signal re­
injected back into the cavity arrived as an optical pulse was building up. An operating 
frequency o f  2.532 GHz was found to be suitable. The amount o f light re-injected, and 
therefore the SMSR o f  the output pulses, could also be varied by adjusting the PC. The 
generated self-seeded gain switched (SSGS) pulses were then characterised both in the 
temporal domain and spectral domain using the lower output arm o f  the 50:50 coupler.
Fig. 3.18 (a) Gain switched pulse, (b) self seed gain switched pulse
Figure 3.18 (a) shows the gain switched pulse before se lf seeding with a deconvolved pulse 
width o f  28.5 ps. Adjusting the PC to maximise feedback into the FP cavity, resulted in the 
output pulses shown in Figure 3.18 (b) which had a deconvolved pulse width o f  30 ps. This 
broadening o f  the se lf seeded pulse is due to the laser medium being driven more rapidly into 
saturation, as a result the laser switches sooner and the gain at the switching time is lower 
than the gain o f  the CW  case. Therefore the gain variation during the emission o f  the pulse is
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reduced, leading to a larger pulse width. We also can see that the jitter has been reduced 
from 2 ps to 1.3 ps due to se lf seeding. The SSGS pulses had a peak power o f 4.5 mW.
1524.18nm 4 .0nm/div 1544.18nm 1564.18nm
Wavelength (nm)
Fig. 3.19 Single moded SSGS spectra
From Figure 3.19, w e can see that the spectral mode selected with the FBG was at a 
wavelength o f  1544.18 nm and had a spectral width o f  about 0.3 nm (37 GHz at 1554 nm) 
resulting in a TBP o f 1.13. A  clear improvement in the SMSR (30.35 dB) can be seen when 
compared to the modulated spectrum o f  Figure 3.16 (b).
3.2.6 Pulse Shaping using an External M odulator.
The external modulator used was an electroabsoprtion modulator (EAM2010B-HG) which 
had a modulation bandwidth o f  10 GHz and a switching voltage o f  about 2.5 volts. The static 
(DC) transfer characterisation was obtained by using the experimental setup shown below  
(Figure 3.20).
Variable DC 
Bias
Signal
Wavelength
Tunable
Source
Fig 3.20 Setup usedfor DC characterisation ofEAM
CW light from a wavelength tunable source set to 1550 nm was coupled into the EAM via a 
polarisation controller (PC). The output power from the wavelength tunable source was set 
to -10 dBm due to presence o f  two semiconductor optical amplifiers (SOAs) integrated into
the modulator and placed before and after the electroabsorption modulator. The polarisation 
controller was then adjusted to maximise the output power. The bias applied to the 
modulator was then varied from -4.5 v  to -0.5 volts and the output power noted at each 
discrete bias. The results were then plotted and can be seen in Figure 3.21.
DC T ra n s fe r C h ara c te ris tic
D C  B ia s  V o ltage  (V)
—•— 1550 power = -10 dBm
Fig. 3.21 Transfer characteristic for EAM modulator
It can be seen from the graph that a switching voltage o f  about 2.5 V  gives an extinction 
level o f  14 dB. Once w e had characterised the modulator, w e generated pulses using the 
setup in Figure 3.22.
Variable DC 
Bias
Fig. 3.22 Experimental setup for pulse shaping using an external modulator.
Using the same CW source, light was coupled into the modulator via the PC, The dc bias to 
the modulator was set to -2 V  (the centre o f  the transfer characteristic) and a 10 GHz sine 
wave was split using a 50:50 electrical power splitter. 50% was used to trigger the
oscilloscope and the other 50% arm was electrically amplified before being coupled into a 
bias tee. The bias tee was used to couple the dc bias and the applied RF signal before 
applying both to the modulator. The RF level applied to the EAM was around 2.01 V  peak- 
to-peak. The currents to SOA 1 and SOA 2 were set to 50.77 mA and 77.32 mA respectively. 
If the EAM is biased appropriately the non-linear profile o f  the transfer characteristic shapes 
pulses from the applied sine wave. The generated pulses were then observed on an 
oscilloscope via a 50 GHz photodiode, and an optical spectrum analyser.
The pulses observed on the scope can be seen in Figure 3.23. At a wavelength o f  1544 nm 
the FHWM pulse width was measured to be 29.7 ps and 28.8 ps at a wavelength o f  1549 nm. 
The peak power at 1545 nm was 1.92 mW, while, at 1549 nm it was 4.36 mW. Both pulse 
trains had a period o f  100 ps which was due to the modulation frequency o f  10 GHz.
Time 20 ps/Div Time 20 ps/Div
Fig 3.23 (a) 1545 nm pulse (b) 1550 nm
The associated spectra for 1544 nm and 1549 nm are presented in Figure 3.23 (a) and (b) 
respectively. The 3 dB spectral width at 1544nm was measured to be 0.13 nm (16 GHz @  
1544 nm) and at 1549 nm it was 0.14 nm (17 GHz @  1549 nm). The resulting TBP for 
pulses at 1544 nm was 0.47 and at 1550 nm was 0.51.
1543.18nm 0 .2nm/d i v 1544.18nrn
"Wavelength (nm)
1545.18nm 1548.16nm 0.2nm/div 1549.16nm
Wavelength (nm)
1550.16nin
Fig. 3.24 Spectra at (a) 1544 and (b) 1549 nm
Sum m ary
This chapter has shown that gain switching o f  a DFB or FP laser is one o f  the simplest and 
cost effective methods for generating picosecond optical pulses. However these pulses 
usually have high levels o f  jitter and poor spectral quality which has a detrimental effect on 
the use o f  these pulses in high-speed communication. Two methods that are used to reduce 
these side effects are se lf seeding and external injection and when applied to an FP laser, it 
allows for a cheap and easy way to generate tunable optical pulses. Table 3.1 below  
summarises the key results from this chapter. By gain switching a DFB laser and se lf seeding 
it, w e have demonstrated the generation o f  14 ps pulses at 2.5 GHz with an average power o f  
about 0.18 mW. These pulses exhibit a high SMSR o f  33 dB, a timing jitter o f  1.6 ps and a 
TBP o f 0.6. Externally injecting light from a second laser into a gain switched DFB laser 
resulted in the generation o f  pulses with durations o f  11 ps at 10 GHz that had an average 
power o f  0.47 mW. The timing jitter o f  these pulses was around 1.4 ps and the TBP was 1.63 
while the SMSR was 28 dB. Next we looked at SSGS pulses generated using an FP laser at a 
repetition rate o f  2.5 GHz. The FWHM pulse width was about 30 ps at an average power o f  
0.32 mW and had a timing jitter value o f  1.3 ps. A  SMSR o f  30 dB and a TBP o f  1.13 was 
displayed by pulses generated using this technique. Finally w e examined the method o f  pulse 
shaping using an external modulator to generate pulses at 10 GHz and at two different 
wavelengths, 1544 and 1549 nm. At 1544 nm, the pulse duration was about 29 ps, the TBP 
was 0.47 and the average power was 0.55 mW. At 1549 nm, the pulse width was about 28 
ps, the TBP was 0.51 and the average power was about 1.29 mW.
Spectral
Width
(nm)
Pulse
Width
(ps) TBP
SMSR
(dB)
Jitter
(PS)
Peak
Power
(mW)
Average
Power
(mW)
GS DFB m  2.5GHz 0.5 12 0.75 9.66 3 6.02 0.18
GS DFB @ 2.5GHz 0.5 12.3 0.75 9.66 3 6.18 0.19
SSGS DFB @ 2.5GHz 0.34 14 0.6 33.9 1.6 5.4 0.18
GS DFB @10 GHz 1.4 9.5 1.66 11 3.3
EIGS DFB @10 GHz 1.2 11 1.63 28 1.4 4.7 0.47
GS FP (® 2.5 GHz 0.7 29.6 2.6 9.66 2
SSGS FP @2.5 GHz 0.3 30 1.13 30.35 1.3 4.5 0.32
EAM @ 10 GHz 1554nm 0.13 29.7 0.47 32 1.8 1.92 0.55
EAM (5) 10 GHz 1549nm 0.14 28.8 0.51 32 1.9 4.36 1.29
Table 3.1: Pulse parameters from gain-switching, self-seeding, external injection and pulse
shaping using an external modulator
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4. Optimisation of Gain Switched Optical Pulse Parameters for 
Implementation in High-Speed Communication Systems
Introduction
Since the end o f  the seventies, the generation o f  ultra short optical pulses from 
semiconductor laser diodes has been the subject o f  intense research activity [1]. As a result, 
many practical applications have been developed, ranging from military and medical uses to 
signal processing, optical spectroscopy and metrology to name but a few. One application 
that was the main driving force behind the development o f  such pulse sources is the field o f  
telecommunications. In terms o f  communication applications these pulses sources are 
extremely important for use in future optical time division multiplexed (OTDM), and hybrid 
W DM/OTDM optical systems [2], Over the past few  years the ceiling o f  the base data rate 
has been 10 Gb/s, with most systems employing Non-Retum-to-Zero (NRZ) coding at the 
transmitter. However, with the move to higher data rates o f  40 Gb/s and above, it may 
become necessary to use Return-to-Zero (RZ) coding. The RZ coding is far less susceptible 
to non-linearity and dispersion effects in the transmission fiber, resulting in a higher signal- 
to-noise ratio (SNR) and a lower system bit error rate giving a better overall system 
performance [3,4,5,6]. This is due to the fact that RZ pulses take advantage o f  soliton-like 
pulse compression in SMF and improved receiver sensitivity. The reduced channel spacing 
and increased line rate necessary to achieve higher aggregate data rates, places stringent 
requirements on the optical RZ transmitter to generate pulses with acceptable temporal and 
spectral purity. As discussed in the previous chapter, there are numerous methods available 
to generate picosecond optical pulses, such as pulse shaping o f continuous wave (CW) light 
using an external modulator, mode locking o f  a semiconductor or fiber ring lasers [7] and 
gain switching.
The technique o f  gain switching, when compared with the above-mentioned alternatives, 
offers efficient wavelength stable performance and the ability to produce high repetition rate 
pulses [8]. Some o f  the important temporal characteristics o f  these pulse sources include; the 
pulse width, temporal jitter and temporal pedestal suppression ratio (TPSR). While important 
spectral parameters include; the spectral width, side mode suppression ratio (SMSR) and 
chirp. We discussed some o f  these characteristics in the previous chapter. In this chapter, a 
detailed experimental analysis o f  the SMSR, chirp and TPSR o f  the generated gain switched 
pulse w ill be carried out.
In the following section we focus on analysing the effects o f  the SMSR o f SSGS pulses 
when employed in hybrid WDM/OTDM networks. The SMSR is defined as the ratio o f  
power emitted in the strongest mode to that emitted in the second strongest mode and usually 
expressed in decibels. This investigation into the effect o f  the pulse SMSR on the 
performance o f  SSGS pulses in optical communication systems is carried out by examining 
pulses portraying different SMSR that are propagated through an optical filter. A  pulse with 
a low  SMSR that is filtered will have a large amount o f  amplitude jitter added to the pulse 
which w ill degrade the SNR.
4.1 Effects o f  SM SR on Self Seeded Gain Switched Pulses.
The generation o f  gain switched pulses using both DFB and FP lasers has been demonstrated 
in the previous chapter. The main advantages o f  gain switching an FP laser diode as opposed 
to a DFB are the cost effectiveness and ease o f  wavelength tunability. One o f  the desired 
features o f  an optical pulse source is to be wavelength tunable, which enhances the flexibility 
o f  WDM networks. Self seeding a gain switched Fabiy Perot (FP) laser is one o f  the 
simplest, most reliable and attractive options to generate wavelength tunable picosecond 
optical pulses [9, 10]. A s we have seen in the previous chapter, this essentially involves gain 
switching an FP laser, and then feeding back one o f  the laser modes into the FP diode using a 
wavelength selective external cavity. Provided that the optical signal re-injected into the 
laser arrives during the build-up o f  an optical pulse in the FP laser, then a single-moded, low  
jitter output pulse can be obtained [11].
We carried out a detailed investigation on the increase in the noise o f  filtered SSGS pulses
[12] with degrading inherent SMSR. Here, w e define the inherent SMSR, as the SMSR 
directly at the output o f  the SSGS laser or, alternatively, as the SMSR o f  the SSGS laser 
before filtering. Generally, filtering o f  SSGS pulses is used to either select out a particular 
wavelength in multi-wavelength systems, to improve the SMSR o f  the SSGS pulses, or to 
remove amplified spontaneous emission (ASE) power from an erbium doped fiber amplifier 
(EDFA) which may have been placed after the SSGS setup. Although many o f  the 
previously reported wavelength tunable SSGS pulse sources use output filtering on pulses 
that have low inherent SMSRs o f  about 15 -  20 dB, to achieve a final SMSR >  30 dB [13, 
14, 15], our results show that such pulses may be unsuitable for use in either WDM or 
OTDM systems. The reason for this lies in the build up o f  noise on the filtered optical pulses 
due to the mode partition effect. Hence, it is vital that any pulse source based on the SSGS 
technique possesses a large enough inherent SMSR, especially before optical filtering to 
prevent the degradation o f SNR due to mode partition noise (MPN). Therefore, it is
important when characterizing such pulses for use in optical systems, that both the SMSR 
and the amplitude noise o f  these pulses should be accurately described, as there maybe a 
direct relationship between them.
4.1.1 Experim ental R esults
Figure 4.1 shows the experimental set-up used. The FP laser used was a commercially 
available InGaAsP device, which had a threshold current o f  about 25 mA, a longitudinal 
mode spacing 1.1 nm and a central wavelength o f  1542 nm. A 2.5 GHz sine wave produced 
from a signal generator was passed through a 50:50 electrical splitter. One part was used to 
trigger an oscilloscope while the other was electrically amplified to a power o f  about 29 dBm 
before being coupled into a bias tee that was used to combine the electrical signal with a 
variable dc bias o f  about 17 mA. The resulting optical signal from the laser was coupled into 
a GRIN lens fiber pigtail that had an antireflection coating to prevent back reflection 
entering the laser. S elf seeding o f  the gain switched laser diode was achieved by using an 
external cavity containing a Polarization Controller (PC), a 3 dB optical coupler and a 
tunable fibre Bragg grating (FBG) (HWT 4399901) that had a bandwidth o f  0.4 nm. To 
achieve optimum SSGS pulse generation, the central wavelength o f  the FBG was initially 
tuned, via a piezoelectric controller, to one o f  the longitudinal modes o f  the gain switched 
laser. To ensure that the signal re-injected into the laser from the external cavity, arrived as 
an optical pulse was building up in the laser, w e varied the frequency o f  the sinusoidal 
modulation. The same result could have been achieved by incorporating an optical delay line 
to vary the round trip time o f  the signal within the cavity. An operating frequency o f  2.488 
GHz was found to be suitable. This rate was the 58th harmonic o f  the fundamental frequency, 
which was calculated to be ~  48.49 MHz. The level o f  feedback, taking into account the 
losses incurred in the external cavity and coupling, was measured to be approximately -15 
dBm.
- 7 2 -
Signal 
Generator©iH>
RF Amp
—  FP Laser
Scope trigger
RFSA
SCOPE
i^ - i y
IW iCZlLjT-.t;ooo
-  VOA -
/
RX —
OSA
Figure 4.1: Experimental set-up for the characterisation o f degraded SSGS pulse after
filtration
By tuning the FBG and the modulation frequency, the amount o f  light re-injected into the 
laser and therefore the SMSR o f  the optical pulses could be varied. However, by also varying 
the PC, the optic axis o f  the re-injected light could be matched to that o f  the light from the 
laser meaning that the power coupled into the lasing mode could be changed. This 
effectively changes the SMSR o f  the optical pulses and we utilised this fact to represent 
pulses with various levels o f  side mode suppression. The resulting SSGS pulses were 
available at the lower output arm o f  the 3 dB coupler, labeled output port B in Figure 4.1. 
The SMSR portrayed by these pulses is called the inherent SMSR. These pulses were then 
amplified with the aid o f  an EDFA after which they are filtered using an optical Fabry Perot 
tunable filter (OFPTF) to improve the output SMSR. The OFPTF (Santec-300) had a FWHM  
passband o f  about 0.7 nm (84 GHz) and an extinction ratio o f  about 20 dB. In order to 
characterize the noise on the filtered SSGS pulses as a function o f  the input SMSR, the 
output SMSR had to be kept constant. Due to the large extinction ratio o f  the filter, the 
inherent SMSR o f  the pulses could be improved by about 20 dB by passing the signal 
through the centre o f  the filters passband. Depending on whether the inherent SMSR was 
weak or strong, the filters passband was tuned towards or away from the central wavelength 
o f the SSGS pulses. When the inherent SMSR o f  the SSGS signal was high (30 dB) the 
output SMSR was maintained at 35 dB by tuning the filter away from the central wavelength 
o f  the SSGS signal. On the other hand, when the inherent SMSR o f  the SSGS signal was low  
(15 dB) the output SMSR was maintained at 35 dB by tuning the filter to the central 
wavelength o f  the SSGS signal. The lower and the upper SMSR limits were set by the 
extinction ratio o f  the filter, which meant that the inherent SMSR could be varied between a 
range o f  15 -  30 dB while still maintaining an output SMSR o f  35 dB. However, this tuning
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o f the filters passband towards and away from the central wavelength meant that the output 
power o f  the filtered SSGS signal would vary because the signal would experience various 
levels o f  attenuation at different portions o f  the filter’s transfer characteristic. To overcome 
this problem and ensure that the power falling on the detector was always kept constant, a 
variable optical attenuator (VOA) that incorporated an inline power meter was added after 
the filter. The output pulses were then characterized in the temporal domain using a 50 GHz 
photodiode in conjunction with a 50 GHz sampling oscilloscope (HP54750A). An Anritsu 
(M S9717A) optical spectrum analyzer (OSA) was used to characterize the output pulses in 
the spectral domain. The high-speed detector was alternated between the oscilloscope and an 
Anritsu (M S2668C) RF spectrum analyzer (RFSA), which was used to measure the RF noise 
spectrum.
With the PC adjusted to allow maximum feedback into the FP laser, the resulting SSGS 
pulses before optical filtration are shown in Figure 4.2 (a). The deconvolved output pulse 
width was calculated to be around 26 ps, assuming a total response time o f  about 9 ps for the 
combination o f  the photodiode and the oscilloscope. Figure 4.2 (b) shows the spectral output 
from which we can determine that the FP mode selected using the FBG was at a wavelength 
o f 1547.08 nm. From this figure it can be seen that the inherent SMSR o f  the signal was 37 
dB, and the 3 dB spectral width was about 0.3 nm (37 GHz @ 1546 nm). These pulses would 
be suitable for use in a high-speed communication system. However in certain cases the 
inherent SMSR may not be as high. A  weaker SMSR may have been brought about due to 
various reasons such as an inefficient seeding mechanism, temperature and current drifts or 
aging o f  components. Tuning o f the wavelength to a mode further away from the peak o f  the 
gain curve could also result in a pulse with a poorer SMSR. Here we degraded the SMSR to 
represent pulses which have a poor inherent SMSR brought about by the above mentioned 
cases.
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Figure 4.2: (a) Optical pulse with inherent SMSR o f37 dB (b) Optical spectrum with
inherent SMSR of 37 dB
To vary the SMSR o f  the generated optical pulses from 30 dB down to 15 dB, w e simply had 
to adjust the PC in order to reduce the amount o f  light fed back into the laser diode. As we 
saw before, the reduction in feedback and SMSR also resulted in a slight decrease in the 
pulse duration and a slight increase in the spectral width. Figure 4.3 (a) and (b) show the 
SSGS pulses after optical filtration when the inherent SMSR was set at 30 and 15 dB 
respectively and the output SMSR maintained at a constant value o f  35 dB. It can be seen 
clearly that the noise level on the filtered output pulse which had a corresponding inherent 
SMSR o f  30 dB, (Figure 4.3 a), is lower than that o f  the output pulse which had a 
corresponding inherent SMSR o f  15 dB, (Figure 4.3 b).
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Fig. 4.3: Filtered optical pulses with inherent SMSR of (a) 30 dB and (b) 15 dB
The corresponding spectra depicting the inherent SMSRs (high and low) are shown in Figure
4.4 (a) and (b) respectively while the filtered output spectra are shown in Figure 4.5 (a) and 
(b) respectively. The filtered output spectra show that even though the inherent SMSR is 
varied between 15 and 30 dB, by tuning the filter towards or away from the central 
wavelength o f  the SSGS signal, the output SMSR could still be maintained at a constant 
level o f  35 dB.
Fig. 4.4: Input optical spectra with inherent SMSR o f (a) 30 dB and (b) 15 dB
Fig. 4.5: Filtered optical spectra with output SMSR maintained at 35 dB and inherent SMSR
of (a) 30 dB & (b) 15 dB respectively
The increase in noise as the inherent SMSR is reduced is associated with the mode partition 
effect o f the FP laser which essentially involves the energy o f  each laser mode fluctuating 
with time, due to a constant transfer o f energy between the laser modes [16]. Since only the 
main mode is transmitted through the optical filter, any temporal fluctuations in the energy 
level o f  this mode will manifest itself as amplitude noise on the transmitted pulse. Clearly as 
the SMSR is reduced, the energy in the side modes increases and the fluctuation o f the 
energy in the main mode increases, resulting in additional amplitude noise on the transmitted 
pulse. This can cause a degradation o f  the signal to noise ratio.
Having observed the addition o f  amplitude noise on the transmitted pulses, we next carried 
out a more quantitative analysis o f  the increased noise floor. By performing RF spectral 
measurements on the detected pulses, w e could conduct a more detailed investigation into 
the noise introduced on the filtered SSGS pulses as the SMSR is degraded. The latter was 
carried out, with the aid o f  an RFSA, within a span o f  8 GHz over a range o f  2 -  10 GHz at a 
resolution band-width (RBW ) o f 1 MHz. The measurement carried out over this range 
included the fundamental and the first three harmonics o f  the pulse train and is shown in 
Figure 4.6 It can be seen that the power levels o f  each o f  the plots, corresponding to the 
various inherent SMSRs (30, 25, 20 and 15 dB), have been equalized with the aid o f  the 
VOA. It is important to remember that a pulse with a constant output SMSR o f  35 dB was 
maintained. From the graph, we can clearly see an increase in the noise floor for decreasing 
values o f  the inherent SMSR. The noise floor measurements were taken at an offset o f  about 
1 GHz from the carrier. When the inherent SMSR was set to 30 dB, represented by the black 
trace, the noise floor was measured at -88 dBm. However, when the inherent SMSR was 
degraded to a poorer level o f  15 dB, shown as the red trace, the noise floor increased to -65 
dBm.
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Fig. 4.6: RF spectrum of SSGSpulses exhibiting various inherent SMSRs
Table 4.1 below helps to quantify the corresponding changes in the noise floor 
measurements when a degrading sweep of the inherent SMSR from 30 to 15 dB in steps of 5 
dB was taken. The table clearly shows that, for a 5 dB change in the inherent SMSR, the 
increase in the noise level is greater at lower inherent SMSRs. The table illustrates that when 
the inherent SMSR was degraded from 30 to 25 dB, the noise floor rose by 4.52 dB. 
Degrading from 25 to 20 dB raised the noise floor by 5.33 dB while degrading even further 
from 20 to 15 dB resulted in a dramatic increase of 13.16 dB. So it is clear that when the 
inherent SMSR is degraded from a strong case of 30 dB to a weaker case of 15 dB it results 
in the level of the noise floor increasing by about 23 dB even though the output SMSR is 
maintained at a level of 35 dB. This is due to the fact that there is a bigger increase in the 
percentage of power in the side modes which in turn leads to larger fluctuations in the main 
lasing mode.
Change in Input SMSR Change in Noise Floor
30 -  25 dB 4.52 dB
25 -  20 dB 5.33 dB
20 -  15 dB 13.16 dB
30 -  15 dB 23.02 dB
Table 4.1: Change in noise floor with decreasing inherent SMSR 
(offset from carrier = 1 GHz)
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Looking at the numbers closely reveals that going from an inherent SMSR of 30 -  25 dB is 
an increase of only about 0.3 % in power in the side modes, but going from 20 -  15 dB is an 
increase of approximately 2.3 % in power in the side modes thus making the increase in 
noise at weaker inherent SMSRs more noticeable. The larger fluctuations result in additional 
amplitude noise on the detected pulse. These results clearly quantify the major difference in 
the noise floor of an output filtered SSGS pulse that exhibits a weak inherent SMSR of 15 
dB and a strong inherent SMSR of 30 dB.
The acquired noise on filtered SSGS pulses as the SMSR is reduced is due to MPN. MPN in 
digital transmission systems has been known for a long time and can severely affect the 
performance of an optical communication system, even when using distributed feedback 
lasers with non-ideal SMSR. It is mainly caused by the total optical power, in a multi­
longitudinal mode laser diode, remaining relatively constant but the distribution of this 
power between the modes is a stochastic process [16]. In other words, there is a random 
change of energy in each mode due a constant transfer of energy between the modes. For a 
single mode laser that maintains a high SMSR, the power in the side modes may be 
considered insignificant and so the power fluctuations in the main mode are also negligible. 
However as the SMSR is reduced, the energy in the side modes increase and the fluctuations 
of the energy in the main mode increases. The spectral fluctuation of energy in the laser 
modes may thus manifest itself as an intensity fluctuation (noise) on the transmitted optical 
signal and this manifestation of noise in optical communication systems due to MPN can 
occur in two ways. Firstly, the effects of fibre dispersion in long haul links result in temporal 
fluctuations of received power because the fluctuating modes get separated in time due to the 
fibre dispersion [17]. Secondly, output optical filtering of the SSGS signal may result in 
fluctuations in the output power of the signal after the filter, which results in a degradation of 
the signal quality. Hence, an important parameter to characterize the level of MPN is the 
SMSR [18]. In order to reduce this MPN and prevent the build of noise on transmitted 
pulses, it is nccessaiy to reduce the energy in the side modes. This can be done by ensuring 
that the inherent SMSR of SSGS pulses that undergo output filtration exhibit a high SMSR. 
In other words the total power in the side modes should be negligible. It is not sufficient to 
rely on optical filtration alone to improve the output SMSR.
4.2 Effects of Chirp on the Temporal Purity of Externally Injected Gain Switched 
Pulses.
While the gain switching technique has been accepted as one of the simplest and most 
reliable optical pulse source and the advantages in employing this method are numerous, one 
of its major drawbacks is the spectral purity of the generated pulses. The direct modulation 
of the laser diode causes a large variation in the carrier density over time within the active 
region of the device and so also varies the refractive index. As the wavelength is related to 
the carrier concentration, due to the effect of free carriers on the refractive index of the 
device, this in turn causes a variation in the output wavelength from the laser during the 
emission of the optical pulse. This results in a large linear frequency chirp across the centre 
of the pulse and a large non-linear chirp in the sides (wings) of the pulse. As this could 
degrade the performance of optical communication systems [19], it has been reported how 
this chirp can be used to compress the pulses using dispersion compensating fiber (DCF)
[20] or linearly chirped fiber Bragg gratings (LC FBG) [21], to obtain near transform-limited 
pulses. However, using the compression techniques of DCF and LC FBG does not fully 
compensate for the non-linear chirp across the pulse and typically results in temporal 
pedestals on either side of the pulses. These pedestals can overlap into adjacent time slots 
leading to cross talk between neighbouring channels which in turn leads to a loss of signal 
integrity due to inter symbol interference (ISI), thus rendering such pulses unsuitable for use 
in practical systems. By using more complex arrangements involving non-linear loop mirrors 
or external modulators, after the linearly compressed pulse, it is possible to greatly reduce 
the pedestal [22],
We next describe the generation of temporally and spectrally pure short optical pulses. By 
this we mean pulses which have a temporal pedestal suppression ratio (TPSR) and spectral 
side mode suppression ratio (SMSR) greater than 30 dB. The generation of these pulses was 
achieved using a pulse source that comprised of a non-linearly chirped fiber Bragg grating 
(NC FBG) in conjunction with an externally injected gain switched DFB laser [23]. The 
design of the NC FBG was determined by carrying out a complete characterization of the 
gain switched pulse using the technique of frequency resolved optical gating (FROG) [24], 
This characterization yields information on the parameters of the pulse that are required for 
the design of an NC FBG that must have a group delay profile that is opposite to that 
measured across the pulse. By employing the tailor made NC FBG after the gain switched 
laser, it is possible to achieve direct compression of the gain switched pulses and obtain near 
transform limited pulses. Experimental results, obtained by employing this novel technique, 
show 3.5 ps pulses (FWHM) at a repetition rate of 10 GHz and an associated spectral width 
of 130 GHz are generated. The resulting pulse and supporting spectral widths generated
using this technique yields near transform-limited pulses with a time bandwidth product 
(TBP) of 0.45. These pulses also exhibit an extinction of the temporal pedestals up to about 
35 dB below the peak of the pulse. This excellent temporal pedestal suppression ratio 
(TPSR) is due not only to the grating filter having a non-linear group delay profile which is 
the inverse of that across the gain switched pulse measured directly from the output of the 
laser, but also by ensuring the grating filter has a specially adapted filter transfer 
characteristic. The NC FBG has a custom designed non-linear reflective profile that 
optimizes the output pulse spectrum to give a Gaussian shaped spectrum, thereby further 
enhancing the temporal quality of the pulses. The spectral and temporal characteristics of 
such a pulse source would make it suitable for use as a transmitter in 80 Gb/s OTDM or 
hybrid WDM/OTDM systems.
4.2.1 Experimental Setup
4.2.1.1 Externally Injected Gain Switched Laser
The experimental set-up used is shown in Figure 4.7. A 10 GEIz sine wave was generated 
from a signal generator and then electrically split using a 50:50 electrical power splitter. One 
half of the electrical signal was used to trigger a sampling oscilloscope and the other was 
amplified with the aid of a high power RF amplifier. The amplified signal was then coupled 
into a bias tee that was used to combine the electrical RF signal with a dc bias to enable gain- 
switching of a commercially available NEL DFB laser. The laser was contained within a 
hermetically sealed high-speed package and had a threshold current of about 19.5 mA. The 
device had a 3 dB modulation bandwidth of 15 GHz, and an output power of 4 dBm, both 
measured at a bias current of three time the threshold current (3 I& ~ 59 mA). Both the 
modulation frequency and dc bias were varied to optimize the gain switched pulses and an 
operating frequency of 10.3 GHz along with a dc bias of 48 mA (-2.5 Ith) were found to be 
suitable. The resulting pulses generated were at a wavelength of 1549.35 nm and wavelength 
tunability of the laser mode over a range of 2 nm could be achieved by temperature 
controlling the diode. To overcome the poor SMSR and timing jitter of the gain switched 
pulses, which in this case was about 5 dB and 2 ps respectively, we used external injection 
(via an optical circulator) from a second DFB (2). This master laser had a central wavelength 
of 1550 nm, was biased at 23.5 mA (~1.2 Ith) and had an isolator incorporated into the 
attached fiber pig tail, preventing any light from entering it. A polarization controller was 
also used to ensure that the light being injected was aligned with the optical axis of the 
modulated laser. The injected power, incident on the modulated laser diode, was measured to 
be about -20 dBm after taking into account the losses incurred in the optical injection path.
To Oscilloscope Trigger PC
Fig. 4.7 Experimental setup used to generate externally injected gain switched pulses
Externally injecting light into the cavity of the modulated laser improves the SMSR to 
around 30 dB and reduces the timing jitter to <1 ps. The jitter was measured using an Agilent 
Digital Communications Analyzer which had a resolution of about 9 ps, taking into 
account the rise times of both the photodetector and the oscilloscope. The 
improvement in the SMSR is due to the injected optical signal reducing the gain threshold of 
the main mode of the modulated laser relative to side modes. The improvement in the timing 
jitter is due to the optically injected light providing an excitation above the spontaneous 
emission level, reducing the relative fluctuations in the photon density thereby reducing the 
timing jitter of the pulses. The actual jitter on the externally injected gain switched output is 
expected to be in the order of 200 fs or less as demonstrated in previous work [25]. The 
generated pulses were characterized using an optical spectrum analyzer (OSA), a high-speed 
oscilloscope in conjunction with a 50 GHz pin detector, and also the FROG measurement 
system. The optical spectra of the generated gain switched pulses are shown in Figure 4.8 (a) 
and (b) both without and with external injection respectively. It can be seen that the SMSR 
was degraded to about 5 dB without injection and the overlapping of the broadened modes 
prevents the side mode being distinguished from the main mode. However, with external 
injection, there was a vast improvement in the SMSR to greater that 30 dB. Also, from the 
same figure, the spectral width of the externally injected gain switched laser was determined 
to be about 140 GHz.
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Fig. 4.8 Spectra of gain switched laser (a) without and (b) with external injection
The non-averaged oscilloscope trace of the detected pulse train from which the low temporal 
jitter can be noticed is shown in Figure 4.9. The ringing in this pulse is due to its duration 
being shorter than the response time of the detector, making it difficult to determine the 
actual pulse width, but it was estimated to be around 10 ps.
3
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Fig. 4.9 Externally injected gain switched pulse
In order to accurately characterize this pulse it is necessary to use the frequency resolved 
optical gating (FROG) technique. A standard second harmonic generation (SHG) FROG 
based on the spectral resolution of the output from a non-collinear autocorrelator, as 
described in [24] was used. The complete electric field of the input optical pulse can be 
determined from the measured FROG spectrogram by using standard retrieval techniques
[24], To improve the SNR of the measurement, a short pulse Erbium Doped Fibre Amplifier 
(EDFA), specifically designed for the amplification of pulses with a duration in the order of 
2 ps (FWFIM), was placed before the FROG measurement set-up. From the FROG 
measurement, it is possible to accurately characterize the intensity and chirp profile across 
the optical pulses generated from the externally injected gain switched laser. Figure 4.10 
shows the intensity and chirp profile across the pulses generated using this technique. It can 
be seen that the pulses had a duration (FWHM) of about 10.5 ps and that the frequency chirp, 
indicated by the dashed line in the figure, becomes non-linear in the wings of the pulse. The
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time bandwidth product (TBP) of the pulse generated from the externally injected gain 
switching process was 1.5, which is far from the transform limit (0.44) for a Gaussian shaped 
pulse.
Fig. 4.10 FROG measurement of externally injected gain switched pulse depicting intensity
(solid line) and chirp (dashed line).
4.2.1.2 Fabrication of a Non-Linearly Chirped FBG.
Once the measured non-linear chirp across the pulse was obtained we used it to design and 
fabricate an NC FBG. This process involved the creation of the group delay response for the 
FBG based on the group delay data derived from the FROG measurements of the externally 
injected gain switched pulse. The desired FBG group delay response was chosen to be 
simply the inverse to the pulse group delay response. This should ensure that when the pulse 
is reflected from the FBG it will have a constant group delay profile over the pulse 
bandwidth. For an optimised pulse source we not only require a constant group delay profile 
across the pulse bandwidth, but also require the pulse to exhibit a Gaussian spectrum. 
Generally, gain switched spectra tend to have a more rectangular shape as opposed to a 
Gaussian shape. The reflection profile of the NC FBG, shown in Figure 4.11, was 
constructed as the difference between the spectral amplitude of the gain switched output and 
a modelled Gaussian profile. As the gain switched spectra propagates through the grating, 
different spectral components of the pulse will experience various levels of attenuation due 
to the filter transfer characteristic. This should result in the compressed pulse portraying a 
Gaussian spectrum.
Fig. 4.11 Reflection profile of the NCFBG.
Once the desired spectrum and group delay profile of the FBG was obtained it was relatively 
straightforward to calculate an FBG design that could be implemented into the optical fibre 
by using an inverse scattering algorithm [26, 27, 28]. The actual FBG fabrication was carried 
out by an industrial partner using our design. The reflective and group delay profiles of the 
fabricated NC FBG are shown in Figure 4.12. We also fabricated a LC FBG which had a 
chirp profile that was opposite to a linear approximation of the chirp across the gain switched 
pulse.
W avelength (nm)
Fig. 4.12 Reflection (solid line) and group delay (dashed lines) profiles of the non-linearly
chirped FBG.
4.2.1.3 Compression of Externally Injected Gain Switched Pulses.
By placing the NC FBG and LC FBG after the externally injected gain switched laser, as 
shown schematically in Figure 4.13, we subsequently characterised the pulse compression in 
the fibre gratings using the FROG technique. In the experimental work presented here, the
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pulse recovery routinely gave retrieval errors of G < 0.005 on a 128 x 128 grid [24] which 
gave an indication into the accuracy of our retrievals. Figure 4.14 (a) and (b) show the 
measured intensity and chirp profile of the gain switched optical pulses after compression 
using the linearly and non-linearly chirped fibre gratings respectively. It can be seen that in 
both cases the gratings eliminated any frequency chirp across the centre of the pulses. 
However, when the linearly chirped grating was used, the non-linearity of the chirp from the 
gain switched laser resulted in significant pedestals on the leading and trailing edge of the 
pulse, Figure 4.14 (a). These pedestals, which are around 23 dB down from the peak of the 
pulse, can severely limit the performance of a high-speed OTDM system by creating 
interference noise between individual channels (through inter-symbol interference).
To avoid this problem and achieve better system performance, a TPSR of over 30 dB is 
required [29],
Fig. 4.13 Schematic of setup used to generate optimised pulses.
Figure 4.14 (b) shows the intensity and chirp profile of the compressed gain switched pulse 
using the non-linear chirped fibre Bragg grating. The compression produced a FWHM pulse 
width of 3.5 ps. It can clearly be seen that the resultant chirp across the pulse was flat and 
had a very small order of magnitude. From this figure it can also be seen that the pedestals 
were almost eliminated, with the TPSR measured to be >35 dB. This reduction in the 
temporal pedestal suppression ratio is not only due to the elimination of the chirp across the 
pulse but also to the output pulse spectrum having a Gaussian shape due to the non-linear 
reflection profile of the grating, as explained earlier.
Fig. 4.14 Intensity (solid line) and chirp profiles (dashed line) of externally injected gain 
switched pulses after (a) linearly chirped and (b) non-linearly chirped FBGs.
It is important to note that, for a non-Gaussian spectrum, even if the group delay is entirely 
compensated for, the existence of temporal pedestals could still be possible. The Fourier 
transform of a rectangular spectrum, which results in a Sine temporal pulse [30], could be 
used to justify the presence of such pedestals. Another important point to note is that a large 
ripple in the group delay profile of the compressing FBG could result in the creation of low 
intensity temporal pedestals. This group delay ripple (GDR) originates from the difference 
between the group delay designed for the grating and the group delay that is actually etched 
into the grating. A  large difference between the two would result in the chirp not being 
compensated to the desired degree and the creation of temporal pedestals. In this experiment 
however, pedestals generated in such a manner were not observed. This was mainly due to 
the low level of GDR which had a standard deviation of less than half the compressed pulse 
width. The spectra and the group delay profiles of the input and output pulses to and from 
the NC FBG, are shown in Figure 4.15 (a) and (b) respectively. From Figure 4.15 (b), it is 
clear that the group delay had been completely compensated for by the tailor-made NC FBG 
and that the output spectrum was more Gaussian shaped and symmetric in comparison to the 
spectrum of the input pulse. This is due to the compensation by the non-linear reflection 
profile of the NC FBG.
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Fig. 4.15 Spectra (solid lines) and group delay profiles (dashed lines) of GSpulse (a) before
NCFBG and (b) after grating.
The spectrum taken from the OSA of the pulse after passing through the NC FBG was in 
excellent agreement with the pulse spectrum obtained from the FROG measurement. Both 
spectra are shown in Figure 4.16 which also shows that the spectral width was around 130 
GHz. The quoted pulse width of 3.5 ps and associated spectral width resulted in a TBP of 
0.45 which is very close to the time bandwidth product of transform limited Gaussian pulses 
of 0.44.
Wavelength (nm)
Fig. 4.16 Comparison of the spectrum obtained from the FROG (solid line) and the OSA
(dashed line) after the NCFBG.
Summary
We have examined the effect of output filtration on SSGS pulses that exhibited various 
levels of SMSR. Our results categorically show that a reduction in the inherent SMSR of an 
SSGS pulse train from 30 -  15 dB would result in a 23 dB increase in the level of the noise 
floor of the detected pulse, leading to a reduced SNR.
It may be concluded that regardless of a high output SMSR, if the inherent SMSR of SSGS 
pulses are weak (< 25 dB) then the interaction of MPN with spectral filtering would result in
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a large amount of amplitude noise on the output pulses. This noise or degradation of the SNR 
can leave such pulses totally unusable for transmission in a high-speed optical network. To 
avoid this it is vital that a source of SSGS pulses have an inherent SMSR of 30 dB or greater. 
It is therefore extremely important when characterizing optical pulses generated by the SSGS 
technique to simultaneously describe the SMSR and amplitude noise of the generated optical 
pulse train.
We have also demonstrated that a gain switched pulse which displays a large non-linear 
chirp across the wings of the pulse may be compensated for by using a non-linearly chirped 
fiber Bragg grating. The FROG measurement system was used to completely characterise the 
chirp across the initial gain switched pulse. From this complete characterization, a non- 
linearly chirped fiber Bragg grating that had a non-linear group delay profile opposite to the 
group delay of the input pulse was designed and fabricated. The fabricated grating also had a 
non-linear reflection profile to optimize the output spectrum of the generated pulses. This 
resulted in the generation of output pulses that displayed excellent temporal and spectral 
purity. The pulses were near transform limited 3.5 ps pulses that have an excellent TPSR of 
greater than 35 dB which would make this pulse source ideal for use in 80 Gb/s OTDM 
systems.
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5. Conclusion
The increasing demand for bandwidth, driven by the massive increase in internet usage and 
other broadband applications such as high definition TV and video conferencing, has created 
the need for communication networks to handle much higher data rates. As current 
commercially available electronic devices struggle to move beyond the established single 
channel rates, which is currently about 10 Gb/s, optical multiplexing techniques are seen as 
the best choice to overcome the electronic bottle necks encountered. By using techniques 
such as WDM, OTDM and hybrid WDM/OTDM it is possible to make better use of the 
available bandwidth of optical fibers and achieve data rates of > 1 Tb/s. However, to move to 
data rates of 40 Gb/s and above, it is likely that RZ coding will be used for data transmission 
as it is easier to compensate for dispersion and non-linear effects in the fiber.
As a result, the development of an optical pulse source which produces transform limited, 
ultra short optical pulses which are both temporally and spectrally pure is vital for future 
high-speed optical communication systems. This work focuses on the technique of gain 
switching a laser diode as a source of such transform limited optical pulses due to its 
simplicity, compactness and ability to produce pulses at a high repetition rate
An initial experimental investigation into the gain switching of a DFB laser diode yielded 12 
ps pulses with an associated spectral width of 0.5 nm resulting in a TBP of 0.75. However 
the pulse SMSR was 9 dB as opposed to 35 dB when running in CW mode and the temporal 
jitter of the pulses was about 3 ps. For a gain switched pulse source to be used in a high­
speed optical communication system, the complications of a poor SMSR and large temporal 
jitter must be dealt with. Two methods that maybe used to over come these difficulties are 
self seeding and external injection both of which we investigated. Both techniques resulted 
in an improvement in the SMSR, reduced jitter and, to a small degree, they also compensated 
for the chirp across the pulse. Self seeding a DFB laser resulted in the generation of 14 ps 
pulses with an improved SMSR of about 34 dB and a reduced jitter of 1.6 ps. A  reduction in 
the linewidth to 0.34 nm and therefore an enhanced TBP of 0.6 was also noted. Results from 
external injection produced an 11 ps pulse train with an improved SMSR of 28 dB, a reduced 
jitter of 1.3 ps and a spectral width of 1.2 nm. In order to achieve a wider wavelength tunable 
range, in a cost effective manner, we extended the technique of gain switching to an FP laser 
diode. Gain switching the FP laser generated a 32 ps pulse train with a multi-mode spectrum 
and a timing jitter of about 2 ps. To switch the output spectrum of the gain switched pulses 
from multimode to single mode emission, a small portion of light was fed back into the laser. 
This self seeding of a gain switched laser diode is one of the most reliable methods available
to generate wavelength tunable optical pulses. The SSGS pulses from the FP laser exhibited 
a pulse width of about 30 ps and had a spectral width of 0.3 nm. These pulses displayed a 
veiy small timing jitter of 1.3 ps, and an improved SMSR of about 30 dB. While the TBP 
was 1.13, the results did not yield a transform limited pulse. Pulse shaping using an external 
modulator was also investigated at two different operating wavelengths. At an operating 
wavelength of 1544 mn, the pulse width was about 29 ps and the 3 dB spectral width was
0.13 nm resulting in a TBP of 0.47. At 1549 nm the pulse width was about 28 ps and the 
spectral width 0.14 nm resulting in a TBP of 0.51. Neither temporal jitter, about 1 ps at either 
wavelength, or the SMSR, measured to be greater than 32 dB, are issues with this method of 
pulses generation. Table 5.1 below summarises these results.
Spectral
Width
(nm)
Pulse
Width
(PS) TBP
SMSR
(dB)
Jitter
(ps)
Peak
Power
(mW)
Average
Power
(mW)
GS DFB @ 2.5GHz 0 .5 12 0 .7 5 9 .6 6 3 6.02 0 .1 8
GS DFB @ 2.5GHz 0 .5 1 2 .3 0 .7 5 9 .6 6 3 6 .1 8 0 .1 9
SSGS DFB @ 2.5GHz 0 .3 4 14 0.6 3 3 .9 1.6 5 .4 0 .1 8
GS DFB @10 GHz 1.4 9 .5 1.66 11 3 .3
EIGS DFB @10 GHz 1.2 11 1 .6 3 2 8 1.4 4 .7 0 .4 7
GS FP @ 2.5 GHz 0 .7 2 9 .6 2.6 9 .6 6 2
SSGS FP @ 2.5 GHz 0 .3 3 0 1 .1 3 3 0 .3 5 1 .3 4 .5 0 .3 2
EAM @10 GHz 1554nm 0 .1 3 2 9 .7 0 .4 7 32 1.8 1 .9 2 0 .5 5
EAM @10 GHz 1549nm 0 .1 4 2 8 .8 0.51 32 1.9 4 .3 6 1 .2 9
Table 5.1: Pulse parameters from gain-switching, self-seeding, external injection and pulse
shaping using an external modulator
We next carried out an investigation into the addition of noise on filtered SSGS pulses which 
exhibited degrading levels of inherent SMSR. It was found that, regardless of the output 
SMSR being maintained at a high level of ~ 35 dB, if the inherent SMSR is less than 25 dB 
then the interaction of MPN with spectral filtration would create a large amount of amplitude 
noise on the output pulses. This noise can leave such pulses unsuitable for data transmission 
in optical communication systems. Table 5.2 below shows that when the inherent SMSR was 
changed in steps of 5 dB there was a larger increase in the noise floor for weaker inherent 
SMSR’s.
Change in Input SMSR Change in Noise Floor
30 -  25 dB 4.52 dB
25 -  20 dB 5.33 dB
20 -  15 dB 13.16 dB
30 -  15 dB 23.02 dB
Table 5.2: Change in noise floor with decreasing inherent SMSR 
(offset from carrier = 1 GHz)
This large fluctuation is due to a larger increase in the percentage of power in the 
side modes, Table 5.3 below, which leads to larger fluctuations in the lasing mode 
and additional amplitude noise on the transmitted signal.
Increase in percentage
Change in Input SMSR
power in side modes
30^25~dB 0.3 %
20 -  15 dB 2.3%
Table 5.3 Increase of power in side modes with decreasing inherent SMSR
We conclude that a SSGS pulse source must have a large inherent SMSR, of 30 dB or 
greater, particularly before experiencing optical filtering, in order to prevent the degradation 
of the signal-to-noise ratio brought about by MPN. Additionally it is important to include in 
the characterisation of these pulses, the SMSR and amplitude noise measurements.
Having observed the addition of amplitude noise on filtered SSGS pulses as a result of a 
reduced SMSR, we then investigated the effect of chirp on the temporal purity of gain 
switched pulses. By developing a novel technology based on an externally injected gain 
switched laser and a NC FBG, the induced chirp across a gain switched pulse is completely 
compensated for, eliminating any side pedestals that are typically created when known 
compression techniques such as DCF or LC FBG are used. The measurement system called
FROG was used to characterise the chirp across a gain switched pulse and a NC FBG which
had a non-linear group delay profile opposite to that of the pulse was designed. The grating 
also incorporated a non-linear reflection profile to ensure the output pulse exhibited a more 
Gaussian shaped spectrum. This produced near transform limited 3.5 ps pulses with a TPSR 
greater than 35 dB, making them ideal for use in an 80 Gb/s OTDM communication system.
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Abstract— In  this paper, w e d em on strate  the generation o f  
tran sform -lim ited sh ort op tical pulses, w h ich  d isp lay  excellent 
sp ectra l an d  tem p oral qualities b y  em p lo yin g  a  novel technology, 
b ased  on  an  externally  in jected gain -sw itchcd la se r in  conjunction 
w ith  a  n on lin early  ch irped gratin g . U sin g  th is technique, 3.5-ps o p ­
tical pulses exh ibiting a tim e-bandw idth p ro d u ct (T B P ) o f  0.45 are 
gen erated , w h ich  a re  su itable fo r  use in  high-speed 80 Gb/s optical 
tim e-division m ultip lexing (O T D M ) com m unications system s. T h e 
n um erical in tegration  o f  a  set o f  ra te  equ ation s usin g suitable p a ­
ram eters fo r the devices used in  the exp erim en ts w ere carried  out 
to fu rth e r  confirm  the feasib ility  o f  the prop osed  m ethod for devel­
op in g  an  optim ized pulse source fo r  h igh-speed photonic systems.
Index Terms— F iber B ra g g  gratin gs (F B G s), optical lib er com ­
m unication, op tical pulse com pression, op tical pulse generation, 
sem icond uctor lasers.
I . I n t r o d u c t io n
THE increasing demand for media-rich content delivery and the escalation of IP traffic has been fueling the massive 
growth in demand for bandwidth. This extensive increase in 
bandwidth usage, which shows no sign of abating in the coming 
decade, is pushing carriers and service providers to deploy in­
creasing optical backbone transmission capacity. The goal of de­
veloping future terabit all-optical communication systems may 
be achieved by a reduction in channel spacing of wavelength- 
division multiplexed (WDM) systems [1] or an increase in the 
per-channel data rate. The latter one could be achieved by ex­
ploiting electrical time division multiplexing (ETDM) as in 
WDM/ETDM [2] systems or optical time-division multiplex­
ing (OTDM) [3] as in hybrid WDM/OTDM systems [4].
The ceiling for base data rates in high-speed optical networks 
for the past few years has been 10 Gb/s (OC-192/STM- 64). 
An attractive alternative to deploying higher wave counts at 
10 Gb/s, taking into account the amount of successful research 
efforts, is the deployment of higher capacities per wavelength.
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For example, the 40 Gb/s (OC-768/STM-256) solution provides 
better spectral efficiency and results in lower overall cost for ca­
pacity, relative to existing 10-Gb/s systems. The higher line rate 
also provides better terminal density, which results in smaller 
terminals for a given capacity [5], [6]. One of the remarkable 
factors, with the move to higher line rates, is the coding used at 
the transmitter. Most of the current systems, 2.5-10 Gb/s, have 
tended to employ Non-retum-to-zero (NRZ) coding. However, 
to achieve line rates of 40 Gb/s and higher, it may become neces­
sary to use retum-to-zero (RZ) coding. RZ (pulse) modulation 
formats offer a number of advantages over NRZ modulation 
schemes, especially in long-haul transmission, which result in 
higher signal-to-noise ratio and lower system bit error rate trans­
lating into better overall system performance [7]—[10].
The rigorous requirements placed on the transmitter perfor­
mance by the reduced channel spacing and increased line rate 
act as an immense challenge to manufacturers. Hence, the de­
sign of an optical transmitter, capable of generating pulses with 
adequate temporal and spectral purity for acceptable operation 
in high-speed optical communication systems, is crucial. There 
are numerous methods available to generate picosecond optical 
pulses [4]. Some of the most common and commercially avail­
able optical pulse sources are mode-locked semiconductor and 
fibre ring lasers [11], [12]. However, it has widely been accepted 
that the gain-switching technique is one of the simplest and most 
reliable in comparison to the rest [13], [14]. While the advan­
tages in employing this method are numerous, one of its major 
drawbacks is the spectral purity of the generated pulses. The di­
rect modulation of the laser diode causes a time-varying carrier 
density in the active region of the device, which in turn causes 
a variation in the output wavelength from the laser during the 
emission of the optical pulse. This results in a frequency chirp 
across the pulse, which degrades the performance of these pulses 
when used in practical optical communication systems [15]. 
It has been reported how this chirp can be used to compress 
the pulses using dispersion-compensating fibre [16] or linearly 
chiiped gratings [17], to obtain near transform-limited pulses. 
However, because of the chirp being nonlinear across the pulse, 
this compression typically results in pedestals on either side of 
the pulses that make them unsuitable for use in practical systems. 
By using more complex arrangements involving nonlinear loop 
mirrors or external modulators, after the linearly compressed 
pulse, it is possible to greatly reduce the pedestal [18]. Degrada­
tion of the side-mode suppression ratio (SMSR) and a relatively 
large temporal jitter are other inherent problems associated with
1077-260X/$20.00 © 2006 IEEE
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the technique of gain switching. However, by externally inject­
ing into a gain-switched laser, the above-mentioned shortcom­
ings could be overcome [18], [19].
The work described in this paper concerns the generation of 
temporally and spectrally pure short optical pulses (temporal 
pedestal, and spectral SMRSs greater than 30 dB). The pulse 
source comprises a nonlinearly chirped fiber Bragg grating (NC 
FBG) in conjunction with an externally injected gain-switched 
laser [20]. The design of the NC FBG is determined by the 
complete characterization of the gain-switched pulse using the 
technique of frequency resolved optical gating (FROG) [21]. 
This characterization yields the parameters that are required 
for the design of an NC FBG with a group-delay profile that 
is opposite to that measured across the pulse. By employing 
the tailor-made NC FBG after the gain-switched laser, we can 
achieve direct compression of the gain-switched pulses to ob­
tain near transform-limited pulses. We show experimental re­
sults, obtained by employing this novel technique, where 3.5-ps 
pulses (FWHM) at a repetition rate of 10 GHz and an asso­
ciated spectral width of 130 GHz are generated. The resulting 
pulse and spectral widths show that this technique yields near 
transform-limited pulses with a time-bandwidth product (TBP) 
of 0.45. These pulses also portray an extinction of the temporal 
pedestals up to about 35 dB below the peak of the pulse. This ex­
cellent temporal pedestal suppression ratio (TPSR) is achieved 
not only by the grating filter having a nonlinear group-delay 
profile that is the inverse of that across the gain-switched pulse 
directly from the laser, but also by ensuring that the grating 
filter has a specially adapted filter-transfer characteristic. The 
NC FBG has a custom-designed nonlinear reflective profile that 
optimizes the output pulse spectrum thereby further enhancing 
the temporal quality of the pulses. The spectral and temporal 
characteristics of such a pulse source would make it suitable for 
use as a transmitter in 80 Gb/s OTDM or hybrid WDM/OTDM 
systems.
This paper is divided into four main sections as follows. 
Section II focuses on the layout of the externally injected gain- 
switched laser and the complete characterization of the gener­
ated pulses. Section IH then concentrates on the fabrication of 
two types of gratings that could be used to compress the exter­
nally injected gain-switched pulses. The employment of the two 
types of gratings to achieve pulse compression is explained in 
Section IV. Finally, Section V presents the numerical modeling 
carried out to validate our experimental results.
n .  E x t e r n a l l y  In j e c t e d  G a i n -S w i t c h e d  L a s e r
The experimental setup employed in this work is shown in 
Fig. 1. A 10-GHz sine wave is amplified with the aid of a high- 
power RF amplifier. A bias tee is then used to combine the elec­
trical RF signal with a dc bias (2.5 7th) to enable gain switching 
of a commercially available NEL DFB laser contained within 
a hermetically sealed high-speed package. The laser used has a 
3-dB bandwidth of 20 GHz, and an output power of 4.7 dBm, 
both measured at a bias current of 3 7th- The resulting pulses 
generated were at a wavelength of 1549.35 ran. Wavelength tun-
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Fig. 1. Experimental setup for pulse generation using an externally injected 
gain-switched laser.
ability of the laser mode over a range of 2 nm could be achieved 
by temperature controlling the diode.
To overcome the poor SMSR (~ 5  dB) and timing jitter (~2  
ps) of the gain-switched pulses, we use external injection (via 
an optical circulator) from a second DFB (2) laser biased at 
23.5 mA (~ 1 .2 /th). A polarization controller was also used to 
ensure that the light being injected was aligned with the optical 
axis of the modulated laser. The injected power, incident on the 
modulated laser diode, was measured to be about —20 dBm 
after considering the losses incurred in the optical injection 
path. External light injection improves the SMSR to around 
30 dB and reduces the timing jitter to <1 ps (as measured using 
an Agilent Digital Communications Analyzer). The actual jitter 
on the externally injected gain-switched output is expected to 
be in the order of 200 fs or less as demonstrated in previous 
work [22]. The generated pulses can then be characterized using 
an optical spectrum analyzer (OSA), a high-speed oscilloscope 
in conjunction with a 50-GHz pin detector, and also a FROG 
measurement system.
Fig. 2(a) and (b) displays the optical spectra of the gain- 
switched laser both without and with external injection, respec­
tively, and it can be seen that the case without injection results in 
a degraded SMSR of about 5 dB. The overlapping of the broad­
ened modes prevents the side mode being distinguished from 
the main mode. However, with external injection, a vast im­
provement in the SMSR (>30 dB) is evident. Moreover, from 
the same figure, the spectral width of the externally injected 
gain-switched laser is determined to be about 140 GHz. Fig. 3 
shows the nonaveraged oscilloscope trace of the detected pulse 
from which the low temporal jitter can be noted. The ringing in 
this pulse is due to its duration being shorter than the response 
time of the detector. To accurately characterize this pulse, it is 
thus necessary to use the FROG technique.
In these experiments, a standard second harmonic generation 
(SHG) FROG based on the spectral resolution of the output 
from a noncollinear autocorrelator, as described in [21], was 
used. SHG was performed in a beta barium borate (BBO) crys­
tal with an interaction length of 250 fim. With this interaction 
length, the expected variation in the SHG response [23] was
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Fig. 2. Spectra of gain-switched laser (a) without and (b) with injection.
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Fig. 3. Oscilloscope trace of the externally injected gain-switched pulse.
negligible over a 100-nm bandwidth around 1550 nm. The SHG 
output was spectrally resolved using a grating spectrometer with 
a 1024-element cooled photodiode array mounted on the output. 
The spectral resolution was AA =  0.04  nm at an SHG wave­
length of 775 nm. The autocorrelator delay was controlled by 
a stepping motor with temporal resolution of A t  =  6.7 fs. The 
complete electric field of the input optical pulse can be de­
termined from the measured spectrogram by using standard 
retrieval techniques [21]. A short-pulse erbium-doped fibre am­
plifier (EDFA), specifically designed for the amplification of 
pulses with a duration in the order of 2 ps (FWHM), is used 
before the FROG measurement setup to improve the signal-to- 
noise ratio of the measurement. From the FROG measurement, 
we can accurately characterize the intensity and chirp profile 
across the optical pulses from the gain-switched laser with ex­
ternal injection. Fig. 4 indicates that the pulses had a duration
Time (ps)
Fig. 4. Intensity (solid line) and chirp (dashed line) of optical pulses from the 
externally injected gain-switched laser.
(FWHM) of about 10.5 ps and that the frequency chirp (dashed 
line) becomes nonlinear in the wings of the pulse generated 
due to the gain-switching mechanism. The resulting TBP of the 
pulse is 1.5.
111. G rating  Fa b rica tio n
We subsequently use the measured nonlinear chirp across the 
pulse to design and fabricate an NC FBG. This process involves 
the initial creation of the group-delay response for the FBG 
based on the group-delay data derived from the FROG mea­
surements of the externally injected gain-switched pulse. The 
FBG target group-delay response is simply selected as the in­
verse of the pulse group-delay response, which should result in 
the pulse having a constant group-delay profile over the pulse 
bandwidth after it has reflected from the FBG. In addition to a 
constant group-delay profile across the pulse bandwidth, for an 
optimized pulse source, we also require the pulse to exhibit a 
Gaussian spectrum. Generally, gain-switched spectra tend to be 
more rectangular than Gaussian spectra. The reflection profile of 
the NC FBG is constructed as the difference between the spectral 
amplitude of the gain-switched output and a Gaussian profile, 
which should result in the compressed pulse portraying a Gaus­
sian spectrum. Once the FBG target spectrum and group-delay 
profile are obtained, it is relatively straightforward to calculate 
an FBG design that can be implemented into the optical fibre by 
using an inverse scattering algorithm [24]-[26]. The FBGs are 
fabricated by using a holographic writing method [27], where a 
computer electronically controls the FBG phase and amplitude 
and does not require a custom-made phase mask. Hence, it is 
even possible to fabricate NC FBGs for each individual DFB 
laser in larger volumes at a low cost (as there is no need for 
a custom-made phase mask), if the nonlinear chirp is different 
from laser to laser.
The reflective and group-delay profiles of the fabricated NC 
FBG are shown in Fig. 5. We also fabricated a linearly chirped 
fibre grating that had a chirp profile opposite to a linear ap­
proximation of the chirp across the gain-switched pulse. In both
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Fig. 6. Experimental setup for optimized pulse generation.
the cases, the agreement between the measured and the target 
group-delay profile was very good, with a standard deviation of 
the measured error <1.5 ps, which is quite close to the estimated 
noise level of + /  — 1 ps for the group-delay measurements.
IV. P u l s e  C o m p r e s s i o n
By placing the nonlinear and linear fibre gratings after the 
externally injected gain-switched laser, as shown schematically 
in Fig. 6, we subsequently characterize the pulse compression in 
the fibre gratings using the FROG technique. In the experimental 
work presented here, the pulse recovery routinely gave retrieval 
errors of G <  0.005 on a 128 x 128 grid [21], which indicated 
the accuracy of our retrievals.
Fig. 7(a) and (b) shows the measured intensity and chirp 
profile of the gain-switched optical pulses after compression 
with the linearly and nonlinearly chirped fibre gratings, respec­
tively. In both cases, the gratings have eliminated any frequency 
chirp across the center of the pulses. However, when the lin­
early chirped grating is used, we can see how the nonlinearity 
of the chirp directly from the gain-switched laser results in sig­
nificant pedestals on the leading and trailing edges of the pulse
(b)
Fig. 7. Intensity (solid line) and chirp (dashed line) profiles o f externally in­
jected gain-switchcd pulses after (a) linearly chirped and (b) nonlinearly chirped 
gratings.
[Fig. 7(a)]. Such pedestals, which are around 23 dB down from 
the peak of the pulse, would clearly pose significant problems 
(through intersymbol interference) for the use of these pulses in 
high-speed OTDM systems [28],
The compression in the nonlinear fibre grating results in a 
3.5-ps FWHM pulse [pulse and corresponding chirp profile 
shown in Fig. 7(b)]. It can clearly be seen that the resultant 
chirp is flat and has a very small order of magnitude across 
the pulse. Also, as can be seen in the figure, the pedestals have 
almost been eliminated (TPSR >  35 dB). The latter one is due 
to not only the elimination of the chirp across the pulse but also 
the output pulse spectrum being Gaussian due to the nonlinear 
reflection profile of the grating, as explained earlier. It is impor­
tant to note that, for a non-Gaussian spectrum, even if the group 
delay is entirely compensated, temporal pedestals could exist. 
The Fourier transform of a rectangular spectrum, which results 
in a Sine temporal pulse [29], could be used to justify the pres­
ence of such pedestals. It is also important to note that a large 
group delay ripple (GDR) in the compressing FBG could cause
To Oscilloscope 
Trigger
i L
Bias
RF
Generator
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tively. It is clear that the group delay has been compensated 
for entirely by the tailor-made NC FBG. The output spectrum 
is more Gaussian shaped and symmetric in comparison to the 
input, which is due to the compensation by the nonlinear re­
flection profile of the NC FBG. The OSA spectrum, which is in 
excellent agreement with the pulse spectrum obtained from the 
FROG measurement, shows that the spectral width is around 
130 GHz as shown in Fig. 8(c). The quoted pulsewidth and 
associated spectral width result in a TBP of 0.45.
This pulse generation/compression technique portrays excel­
lent repeatability. Furthermore, within laboratory conditions, 
the scheme exhibited stable operation over about a 24 hour pe­
riod. This could be mainly attributed to the bias current and 
temperature of the two DFB (modulated and seeding) lasers be­
ing controlled with the aid of Profile current/temperature con­
trollers. Hence, drifts in wavelength of the lasers, due to cur­
rent or temperature variations were negligible. Furthermore, the 
wavelength variation with temperature of the fabricated FBGs 
being relatively small (~0.009 nm/°C) also leads to the stable 
generation of optimized pulses over very long periods of time.
V. S im u l a t io n s
A. Theoretical Model
To further confirm the effect of both the group-delay and the 
reflectivity profiles of the FBG on the pulse compression and 
to validate the experimental results, numerical simulations were 
carried out. The laser is described by the following single-mode 
rate equations [30], [31], which are given for the carrier density 
N (t)  and the complex electric field E(t) =  ^ S ( t ) e l w^t+V^ , 
where S(t)  is the photon density and ip(t) is the phase
E(t) = r  cg ( N , S ) ~ -7~n m
r cGN(JV(t) — JVt) -----Tn E(t)  (1) 
(2)
W avelength (ran)
(c)
Fig. 8. (a) The input to and (b) output spectrum (solid line) from the NC FBG 
and their corresponding group delays (dashed lines) and (c) a comparison o f  the 
spectrum obtained by the FROG (solid line) and the OSA (dashed line) after the 
NCFBG.
low-intensity temporal pedestals. However, in this experiment, 
no such pedestals were observed mainly due to the low level 
of GDR, as mentioned earlier, with a standard deviation of less 
then half the compressed pulsewidth.
The spectra and the group delay of the input and output pulses 
to and from the NC FBG are shown in Fig. 8(a) and (b), respec-
These equations call for the physical constants described be­
low. Nt and JVth are, respectively, the carrier density at trans­
parency and at threshold with Nth =  Nt +  (1/T c G ^tp). I ' c  
is the field confinement factor, Gn is the differential gain, and 
a n  is the linewidth enhancement factor, too is the angular fre­
quency of the solitary laser at threshold. The nonlinear gain is 
expressed as g(N, S) = G^(N(t) — Nt ) ( l  — eniS(t)), where 
eni is the gain compression factor. The carrier lifetime re is de­
termined at threshold by 1 /r e =  A  +  BNth +  with A  the 
rate of nonradiative recombinations, B  the rate of spontaneous 
radiative recombinations, and C  the rate of Auger recombi­
nation processes. The photon lifetime rp is determined by the 
full losses of the solitary laser: l / r p =  vea in -  l / r c ln (iiiE 2). 
Here, a-ul corresponds to the scattering losses in the active vol­
ume, vs =  c /n e is the group velocity with c the speed of light 
in vacuum and ng the group index of the active medium. The 
parameters R \  and R-j are the power reflectivity of the left and
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TABLEI
S o m e  P a r a m e t e r  V a l u e s  f o r  t h e  L a s e r  D io d e  U s e d  i n  t h e  N u m e r ic a l  S im u l a t io n s
Physical constant Value
Length o f  the active m edium  (£„) 3 x l 0 ^ m
W idth o f  the active m edium  (I) 9 x l 0 -7m
Thickness o f  the active m edium  (e) 8 .5 x 1 0 “%
Group index o f the active m edium  (»g) 3.57
Scattering losses (orin) 4020 m“ 1
Confinement factor ( r c) 0.51
Differential gain (GN) 5 .2 x l0 “2°m “2
Gain compression factor (£„,) 5 .2 x lO “20sm 3
Carrier density at transparency (N ,) 1 .0 x l0 _24m -3
R ate o f  non-radiative recom binations (A) 2.7X106 s“1
R ate o f spontaneous radiative recom binations (B) 9 x l 0 -17s -1m -3
Rate o f  A uger recom bination processes (C) 1.8X10“39 s-1 m-6
Carrier lifetime at threshold (Te) 0.31 ns
Round trip tim e in laser cavity (T j 7.14 ps
Linewidth enhancement factor ( « u) 2
Am plitude reflectivity (Æ,) 0.3
Am plitude reflectivity (R2) 0.3
right facets of the laser: R \^  =  r \ 2- Tc =  “¿L-a/vg corresponds 
to the cavity lifetime and L& is the laser diode length. Finally, 
J  =  ( I / q V ) is the injection current density with V  the vol­
ume of the active medium. When the laser is gain switched, 
its current consists of the bias Ib and the modulation cur­
rent AI(t). I(t) = Ib + AI(i) = Ib + msin(27r/mi), where 
m  corresponds to the modulation depth and / m to the mod­
ulation frequency.
Table I gives the values of the parameters we used in our sim­
ulations. Most of them were provided by the constructor, while 
a few such as the nonradiative recombination and the Auger re­
combination process were estimated from experimental results. 
Fig. 9 displays both the experimental and theoretical graphs for 
the PI curve and the evolution of the relaxation frequency against 
the bias current. The good agreement between the experimental 
and theoretical results (both static and dynamic characteristics) 
demonstrates that our model is reasonably accurate.
To simplify the study, we have not considered external optical 
injection in these simulations. In fact, the low level of injection, 
used experimentally, should not have great influence on the 
chirp. The sole reason for injection is to improve the SMSR and 
jitter. As a consequence, the simulation results presented can be 
easily compared and contrasted to the experimental results.
B. Results
Setting the bias current Ib at 2Ith and the modulation fre­
quency at 10 GHz, we examined the effect of filtering the 
gain-switched pulse with both linearly and nonlinearly chirped 
FBG, when the reflection profile of the grating was either square 
topped, or had a nonlinear profile to achieve a Gaussian spectral 
output. In the simulations, (1) and (2) were solved directly using 
a fourth-order Runge-Kutta algorithm. The initial conditions are
Bias Current (mA)
(a)
Bias Current (mA)
(b)
Fig. 9. (a) Experimental and numerical curves for P I and (b) the evolution of 
the relaxation frequency against the bias current.
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Fig. 10. Characteristics o f the optical pulses from  the gain-switched laser, (a) 
The intensity (solid line) and the chirp (dashed line) o f  the pulse, (b) Pulse 
spectrum (solid line) and its corresponding group delay (dashed line).
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Fig. 11. (a) Reflection (solid line) and group delay (dashed line) profiles o f the 
linearly chirped FBG with a filter response altered to achieve Gaussian output, 
(b) Intensity (solid line) and chirp (dashed line) o f gain-switched pulses after 
reflection on this FBG.
taken from (1) and (2) by setting the left-hand side of the equa­
tions to zero. A trajectory of at least 50 ns was discarded to 
allow for transients to die out.
Fig. 10(a) presents the intensity and the chirp of the gain- 
switched optical pulses when the modulation amplitude is set to 
3 /th. which corresponds to experimental RF modulation level. 
The spectrum and group-delay profile of the gain-switched pulse 
is also shown in Fig. 10(b). The instantaneous frequency chirp 
5v(t) (in gigahertz) across the pulse is directly obtained from 
the phase <f)(L) by 5v(t) =  (1/2tv) (d tp /d t). It is noted that that 
the 9.5-ps pulse generated exhibits a TBP of 1.3, which gives 
evidence of a large frequency chirp across the pulse. Moreover, 
as presented experimentally, the profile of the frequency chirp 
is similar and becomes nonlinear in the wings of the pulse. As 
explained previously, two types of dispersion compensation are 
compared in this article: one that compensates only the linear 
part of the pulse’s group delay, whereas the other compensates 
the entire pulse’s group delay. Figs. 11(a) and 12(a) show group- 
delay and reflection profiles of the two filters used. The intensity 
and chirp profiles of the gain-switched pulses after reflection 
on the linearly and the nonlinearly chirped FBG are shown in 
Figs. 11(b) and 12(b), respectively.
In both cases, the reflection profile of the grating is set to have 
a nonlinear response to obtain a Gaussian spectral output. The
use of an FBG with a group delay opposite to that of the gain- 
switched laser allows us to achieve transform-limited pulses. In 
the example used in the simulations, a 3.4-ps pulse is achieved, 
and there are no pedestals on the wings of the pulse. However, 
if  the group delay of the FBG is opposite to the linear fit of 
the pulse’s group delay, the frequency chirp across the center of 
the pulse is eliminated but the nonlinear chirp remains visible 
in the wings of the pulse. As a consequence, the 4-ps pulse is 
characterized by a TBP of 0.54 and contains pedestals around 
16 dB down from the peak of the pulse as shown in Fig. 11(b). 
These numerical results reproduce the experimental features: 
compensation of only the linear portion of the chirp results in 
significant pedestals in the leading and trailing edges of the 
pulse due to the remaining nonlinear chirp.
Using our simulation model, we subsequently went on to 
examine the effect of using a nonlinearly chirped fibre grating 
with a reflection profile that is square topped and does not affect 
the shape of the spectrum. The grating profile and resulting 
output pulses are displayed in Fig. 13. As can be seen, the 
output pulse is characterized by a TBP of 0.57 and the pedestals 
are reduced around 21 dB down from the peak of the pulse [see 
Fig. 13(b)]. This result clearly shows that to obtain optimum 
pulses having pedestal suppression greater than 30 dB [28], it is
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Fig. 12. (a) Reflection (solid line) and group delay (dashed line) profiles of 
the nonlinearly chirped fiber Bragg grating with a filter response altered to 
achieve Gaussian output, (b) Intensity (solid line) and chirp (dashed line) of 
gain-switched pulses after reflection on this FBG.
necessary to compensate for both the nonlinear chirp of the gain- 
switched laser and the non-Gaussian spectral output. Another 
possible method that we investigated through simulation, to 
reduce the height of the pulse pedestals obtained when a linearly 
chirped fibre grating is used, is to reduce the bandwidth of 
the FBG filter. By altering the filter bandwidth, it should be 
possible to filter out and eliminate the edges of the spectrum 
where the group delay becomes nonlinear. For this simulation, 
we used an FBG having a group delay that was the inverse of 
the linear group delay across the center of the gain-switched 
pulse, and a reflection profile that was set to obtain a Gaussian 
spectral output. We then proceeded to reduce the bandwidth of 
the FBG.
Fig. 14 displays the evolution of both the pedestal and the 
TBP of the pulse when the FBG’s bandwidth is varied (as a 
percentage of the bandwidth of the spectrum from the gain- 
switched laser). When the FBG is characterized by a bandwidth 
that corresponds to half the pulse’s bandwidth, the pedestals are 
reduced 28.5 dB down from the peak of the pulse. The resulting 
TBP is around 0.47 but the pulsewidth has been broadened to 
7 ps. Thus, although this technique does greatly reduce the level 
of the pedestals, this is achieved at the expense of pulse duration, 
which is significantly increased.
Time (ps)
(b)
Fig. 13. (a) Reflection (solid line) and group delay (dashed line) profiles o f the 
nonlinearly chirped fiber Bragg grating with a  square filter response, (b) Intensity 
(solid line) and chirp (dashed line) of gain-switched pulses after reflection on 
this FBG.
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Fig. 14. Evolution o f  the pedestals and the time-bandwidth product o f the 
pulses when the bandwidth o f the linearly chirped fiber Bragg grating is varied.
VI. C o n c l u s io n
We have demonstrated the generation of near transform- 
limited 3.5-ps gain-switched pulses that exhibit an excellent 
TPSR by using an NC FBG. The initial gain-switched pulses 
display a large nonlinear chirp across the wings of the pulse, 
and by using the measurement technique of FROG, the chirp 
across the pulses has been completely characterized. From this
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complete characterization, we subsequently design and fabricate 
a nonlinearly chirped fiber Bragg grating that has a nonlinear 
group-delay profile opposite to the group delay of the input 
pulse. The fabricated grating also has a nonlinear reflection pro­
file to optimize the output spectrum of the generated pulses. The 
resultant output pulses display excellent temporal and spectral 
purity, which would make this pulse source ideal for use in 
80 Gb/s OTDM systems. Moreover, the experimental results 
were compared to a numerical analysis of the rate equations, 
which were found to validate the experimental results, includ­
ing the reduction of the pedestals when both a specific reflective 
profile (to compensate for the asymmetry of the pulse spectrum) 
and a nonlinear group delay (to compensate for the group delay 
of the gain-switched laser) are used. The rate-equation analysis 
was utilized to investigate a possible improvement of the re­
sults obtained with a linearly chirped FBG by decreasing the 
FBG’s bandwidth, but the reduction of the pedestals resulted in 
a broadening of the pulse.
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Signal degradation due to output filtering of self-seeded 
gain-switched pulses exhibiting weak inherent 
side-mode-suppression ratios
Prince Anandarajah, Marc Rensing, and L. P. Barry
W e show the importance o f achieving an  acceptable level o f  output side-modc-suppression ratio when 
generating pulses by using the self-seeded gain-switched technique. Experim ents carried out on such 
pulses exhibiting poor side-modc-suppression ratios th at are subsequently filtered to improve the latter 
dem onstrate th at th ey possess an associated level o f  noise. This buildup of noise w ith a  decreasing 
inherent side-mode-suppression ratio is noted regardless o f the improved output-filtered side-mode- 
suppression ratio o f 35 dB th at is m aintained. The degradation o f the signal is due to the mode partition 
effect and m ay render these pulses unsuitable for use in high-speed optical communications systems. © 
2005 O ptical Society o f Am erica 
OCIS codes: 320.0320, 320.5390.
1. Introduction
The development of a source of short optical pulses is 
extremely important for use in future optical time- 
division-multiplexed (OTDM) and hybrid WDM/OTDM 
optical communications systems.1 Picosecond pulse gen­
eration can be accomplished with many different tech­
niques such as gating continuous-wave light with an 
external modulator, mode locking and gain-switching la­
sers, or by use of fiber lasers.2 Mode locking is one of the 
most common techniques that is used to generate short 
optical pulses at fixed repetition rates. However, it re­
quires specially designed laser structures that result in 
higher cavity complexity. On the other hand, the tech­
nique of gain switching, when compared with the above- 
mentioned alternatives, offers smaller footprint, efficient 
wavelength-stable performance, and the ability to pro­
duce high-repetition-rate pulses.3
One of the simplest, reliable, and most attractive 
options to generate wavelength-tunable picosecond 
optical pulses involves the self-seeding of a gain- 
switched Fabry-Perot (FP) laser. Essentially this 
method involves gain switching a FP laser and then
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feeding back one of the laser modes into the FP diode 
by use of a wavelength-selective external cavity. Pro­
vided that the optical signal reinjected into the laser 
arrives during the buildup of an optical pulse in the 
FP laser, then a single-mode, low-jitter output pulse 
can be obtained.4 Recent experiments using the self­
seeded gain-switched (SSGS) technique have also 
demonstrated the generation of multiwavelength 
pulses suitable for use in WDM networks.5
One difficulty associated with the use of SSGS 
pulses in high-speed optical communication systems 
may be mode partition noise (MPN). MPN in digital 
transmission systems has been known for a long 
time and can severely affect the performance of an 
optical communication system, even when distributed- 
feedback lasers with a nonideal side-mode-suppression 
ratio (SMSR) are used. It is mainly caused by the total 
optical power in a multilongitudinal-mode laser diode, 
remaining relatively constant, but the distribution of 
this power is a stochastic process6. The spectral fluc­
tuation in the laser modes may thus manifest itself as 
an intensity fluctuation (noise) on the transmitted op­
tical signal, and this manifestation of noise in optical 
communication systems that is due to MPN can occur 
in two ways. First, the effects of fiber dispersion in 
long-haul links result in temporal fluctuations of re­
ceived power because the fluctuating modes become 
separated in time because of the fiber dispersion. Sec­
ond, output optical filtering of the SSGS signal may 
result in fluctuations in the output power of the signal 
after the filter, which results in a degradation of the
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Fig. 1. Experim ental set-up for the SSG S pulse degradation char­
acterization: PC , polarization controller; F BG , fiber B ragg grat­
ing; O FPTF, optical F P  tunable filter; VO A , variable optical 
attenuator; RFSA, R F  spectrum  analyzer; RX, receiver; OSA, op­
tical spectrum  analyzer.
signal quality. An important parameter that could be 
used to characterize the level of MPN is the SMSR.
In this work, a detailed experimental investigation 
on the increase in the noise of filtered SSGS pulses7 
with degrading inherent SMSR is presented. The in­
herent SMSR, in this work, could be defined as the 
SMSR directly at the output of the SSGS laser or, 
alternatively, as the SMSR of the SSGS laser before 
filtering. Generally, filtering of SSGS pulses is used 
to either select a particular wavelength in multiwave­
length SSGS pulses, to improve the inherent SMSR 
of the SSGS pulses, or to remove amplified sponta­
neous emission power from an erbium-doped fiber 
amplifier (EDFA) placed after the SSGS setup. Our 
results show that, although many of the previously 
reported wavelength-tunable SSGS pulse sources use 
output filtering on pulses that exhibit low inherent 
SMSRs of —15-20 dB to achieve a final SMSR of 
>30 dB,8“10 in practice, such pulses may be unsuit­
able for use in either WDM or OTDM systems. The 
reason for this lies in the buildup of noise on the 
filtered optical pulses that is due to the mode parti­
tion effect. Hence it is vital that any pulse source 
based on the SSGS technique possesses a large- 
enough inherent SMSR, especially before filtering to 
prevent the degradation of the signal-to-noise ratio 
that is due to MPN. It is thus important when char­
acterizing such pulses for use in optical systems that 
both the SMSR and the amplitude noise of these 
pulses should be accurately described, as there 
maybe a direct relationship between them.
2. Experimental Setup
Figure 1 shows the experimental setup used. The FP 
laser used was a commercial 1.5 |j.m InGaAsP device, 
with a threshold current of—25 mA and longitudinal 
mode spacing of 1.1 nm. Gain switching of the laser 
was carried out by application of a dc bias current of 
— 17 mA and a sinusoidal modulation signal ampli­
fied to a power of —29 dBm at a frequency of approx­
imately 2.5 GHz. Self-seeding of the gain-switched 
laser diode was achieved with an external cavity con­
taining a polarization controller (PC), a 3-dB coupler, 
and a tunable fiber Bragg grating (FBG) with a band­
width of 0.4 nm. The fundamental frequency of the 
external cavity used was —42.89 MHz. The level of 
feedback, taking into account the losses incurred in 
the external cavity and coupling, was measured to be 
approximately -15  dBm. To achieve optimum SSGS 
pulse generation, the central wavelength of the FBG 
was initially tuned to one of the longitudinal modes of 
the gain-switched laser. The frequency of the sinu­
soidal modulation was then varied to ensure that the 
signal reinjected into the laser from the external cav­
ity arrives as an optical pulse is building up in the 
laser. The same could be achieved with an optical 
delay line to vary the round-trip time in the cavity. 
An operating frequency of 2.488 GHz (58th harmonic 
of fundamental frequency) was found to be suitable.
Typically the amount of light reinjected and hence 
the SMSR of the optical pulses could be varied by 
tuning the FBG and the modulation frequency. How­
ever, by varying the PC, the power coupled into the 
lasing mode could be changed, which effectively 
changes the SMSR of the optical pulses. The pulses at 
the lower arm of the 3 dB coupler (labeled output port 
B in Fig. 1) are then amplified with the aid of an 
EDFA, after which they are filtered by an optical FP 
tunable filter (OFPTF). The OFPTF had a FWHM 
passband of —0.7 nm (84 GHz) and an extinction 
ratio of about 20 dB. Hence, we could improve the
6 0 .0  ps /d iV
(a) (b)
Fig. 2. (a) O ptical pulse w ith inherent SM SR of 37 dB, (b) optical spectrum w ith inherent SM SR of 37 dB.
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Fig. 3. (a) Optical pulse w ith  inherent SM SR of 30 dB, (b) optical pulse w ith inherent SM SR  of 15 dB.
inherent SMSR of the pulses by —20 dB by passing 
the signal through the center of filter passband. To 
characterize the noise on the filtered SSGS pulses as 
a function of the input SMSR, the output SMSR had 
to be kept constant. When the inherent SMSR of the 
SSGS signal was high (30 dB), we maintained the 
output SMSR at 35 dB by tuning the filter away from 
the central wavelength of the SSGS signal. On the 
other hand, when the inherent SMSR of the SSGS 
signal was low (15 dB), we maintained the output 
SMSR at 35 dB by tuning the filter to the central 
wavelength of the SSGS signal. The lower and the 
upper SMSR limits were set by the extinction ratio of 
the filter, which meant that the inherent SMSR could 
be varied within a range of 15-30 dB while still main­
taining an output SMSR of 35 dB. However, the tim­
ing of the filter toward and away from the central 
wavelength meant that the output power of the fil­
tered SSGS signal would vaxy since it would experi­
ence various levels of attenuation at the different 
portions of the filter’s transfer characteristic. To over­
come this problem and ensure that the power falling 
on the detector was always kept constant, a variable 
optical attenuator (VOA) with an incorporated in-line 
power meter was added after the filter.
The output pulses were then characterized in the 
temporal domain by use of a 50 GHz photodiode in 
conjunction with a 50 GHz sampling oscilloscope.
Pulse characterization in the spectral domain was 
carried out with the aid of an optical spectrum ana­
lyzer. The high-speed detector was alternated be­
tween the oscilloscope and an RF spectrum analyzer, 
which was used to measure the RF noise spectrum.
3. Results and Discussion
With the PC adjusted to maximize the feedback into 
the FP device, the resulting pulses from the SSGS 
setup, without output filtration, are shown in 
Fig. 2(a). Assuming a total response time of—9 ps for 
the combination of the photodiode and the oscillo­
scope, we can deconvolve the output pulse duration to 
be —26 ps. Figure 2(b) shows that the spectral out­
put, from which we can determine that the FP mode 
selected by using the FBG, was at a wavelength of 
1547.08 nm. In addition, the inherent SMSR of the 
signal was 37 dB, and the 3 dB spectral width was 
—0.3 nm.
To vary the SMSR of the generated optical pulses 
from 30 down to 15 dB, we simply had to adjust the 
PC in order to reduce the amount of light fed back 
into the laser diode. The reduction in feedback and 
SMSR also resulted in a slight decrease in the pulse 
duration and a slight increase in the spectral width, 
as expected from previous work.11 Figures 3(a) and 
3(b) show the SSGS pulses at the output of the filter 
when the inherent SMSR was set at 30 and 15 dB,
Fig. 4. O ptical spectra w ith  inherent SM SR  of (a) 30 dB and (b) 15 dB.
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(a) (b)
Fig. 5. Optical spectra w ith  output SM SR of 35 dB and inherent SM SR  o f (a) 30 dB and (b) 15 dB.
respectively, and the output SMSR maintained at a 
constant value of 35 dB. It can be seen clearly that 
the noise level on the output pulse that corresponds 
to an inherent SMSR of 30 dB [Fig. 3(a)] is lower than 
that of the output pulse corresponding to an inherent 
SMSR of 15 dB [Fig. 3(b)].
The corresponding inherent SMSRs (high and low) 
are shown in Figs. 4(a) and 4(b), and the output spec­
tra are shown in Figs. 5(a) and 5(b), respectively. The 
output spectra show that, even though the inherent 
SMSR is varied (15-30 dB), when the filter was 
tuned the output SMSR could still be maintained at 
a constant 35 dB.
The increase in noise as the inherent SMSR is 
reduced is associated with the mode partition effect of 
the FP laser that, as mentioned earlier, essentially 
involves the energy of each laser mode fluctuating 
with time because of a constant transfer of energy 
between the laser modes.6 Because only the main 
mode is transmitted through the optical filter, any 
temporal fluctuations in the energy level of this mode 
will result in amplitude noise on the transmitted 
pulse. Clearly, as the SMSR is reduced, the energy in 
the side mode increases and the fluctuation of the 
energy in the main mode increases, resulting in ad­
ditional amplitude noise on the transmitted pulse. To 
eliminate this noise it is necessary to ensure that the 
inherent SMSR of SSGS pulses that undergo output
Frequency [Hz]
—  30 dB SMSR —  25 dB SMSR — 20 dB SMSR — 15 dB SMSR 
F ig. 6. RF spectrum  of S SG S pulses exhibiting various inherent 
SM SRs.
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filtration must exhibit a high SMSR (total power in 
the side modes should be negligible).
We made a more detailed investigation into the 
noise introduced on the filtered SSGS pulses as the 
SMSR is degraded by performing RF spectral mea­
surements on the detected pulses. The latter was 
carried out, with the aid of a RF spectrum analyzer, 
within a span of 8 GHz over a range of 2-10 GHz at 
a resolution band-width of 1 MHz. The measurement 
carried out over this range included the fundamental 
and the first three harmonics of the pulse train and is 
shown in Fig. 6. It can be seen that the power levels 
of each of the plots, corresponding to the various in­
herent SMSRs (30, 25, 20, and 15 dB) and a constant 
output SMSR of 35 dB, have been equalized with the 
aid of the VOA. Also from the graph, we can see an 
increase in the noise floor for decreasing values of the 
inherent SMSR. A degrading sweep (30 to 15 dB) of 
the inherent SMSR with a step width of 5 dB and the 
corresponding changes in the noise floor are outlined 
in Table 1 (measured at an offset of ~1 GHz). The 
table clearly shows that, for a 5 dB change in the 
inherent SMSR, the increase in the noise level is 
more at lower inherent SMSRs. This is because there 
is a bigger increase in the percentages of power in the 
side modes, which in turn leads to larger fluctuations 
in the main lasing mode. The larger fluctuations re­
sult in additional amplitude noise on the detected 
pulse.
On the whole, going from an input SMSR of 30 to 
15 dB results in the level of the noise floor increasing 
by —23 dB even though the output SMSR is main­
tained at an impressive 35 dB. This result clearly 
quantifies the difference in the noise floor of an
Table 1. Change in Noise Floor with Decreasing Inherent SMSR 
(Offset from Carrier = 1 GHz)
Change in input 
SM SR  (dB)
Change in noise 
floor (dB)
30-25 4.52
25-20 5.33
20-15 13.16
30-15 23.02
output-filtered SSGS pulse that exhibits a weak in­
herent SMSR (15 dB) and a strong inherent SMSR 
(30 dB).
4. Conclusion
This paper has examined the effect of output filtra­
tion on SSGS pulses that exhibit varying levels of 
inherent SMSR. The results obtained categorically 
show that a reduction in the inherent SMSR of an 
SSGS pulse train would result in an increase in the 
level of the noise floor of the detected pulse after 
filtering. Hence we could conclude that, regardless of 
a high-output SMSR, if the inherent SMSR of SSGS 
pulses are weak then the interaction of MPN with 
spectral filtering would result in a large amount of 
amplitude noise on the output pulses. This noise or 
degradation of the signal-to-noise ratio will render 
such pulses totally unsuitable for data transmission 
in optical communication systems. It is thus imper­
ative when characterizing optical pulses generated 
by the SSGS technique to simultaneously describe 
the SMSR and amplitude noise of the generated op­
tical pulse train.
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